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Abstract
A multi-spectral line, multi-resolution. observational study has been conducted toward the
Galactic center region. Specifically, observations have been made in the 4-1 - 30 E tran-
sition of methanol using the Haystack 37-m telescope, in the (J.K) = (3.3) inversion
transition of ammonia using the Effelsberg 100-m telescope and the NRAO Very Large Ar-
ray (VLA), and in the J = 1 - 0 and J = 3 - 2 transitions of hydrogen cyanide using the
IRAM 30-m telescope and the CSO 10-m telescope, respectively. Most of the region within
a radius of - 10 pc of Sgr A' has been mapped with at least full-beam sampling.
The two GMCs in the mapped region, M-0.02 - 0.07 (the 50-km s-' cloud) and
M1-0.13- 0.08 (the 20-km s i' cloud), exhibit very similar physical characteristics, including
size (- 4 x 5 pc) and mass (- 104 - 105.¥I®). Class I methanol maser emission provides
evidence for shock interaction between the Sgr A-East shell source and M-0.02 - 0.07.
Additional maser emission is detected in the region 3' south of Sgr A', where an SNR
proposed by Ho etal. (1985), may impact on M-0.13 - 0.08.
The velocity signature of a red-shifted expanding shell, seen in the ammonia inversion
line. indicates that the Sgr A-East shell source is impacting on the 50-km s-' cloud to the
rear along the line-of-sight, and that the cloud is located at about its projected distance
from the central region.
Morphological evidence for an extension. or streamer, from each molecular cloud is seen
in each transition observed. One streamer extends northward in projection from the 20-km
s- 1 cloud, while another streamer extends westward in projection from the 50-km s- 1 cloud.
The morphological connection of the GMCs to the central region is most strongly indicated
by the HCN transitions. Supernova impacts may loosen material from the molecula- clouds
which is then captured by the central gravitational potential. Tidal forces may then stretch
the infalling material into streamers. If correct, this is the first example of the feeding of
molecular material toward the center f a galaxy where the morphology and kinemaics can
be studied in detail.
Thesis Supervisor: Dr. Bernard F. Burke
Title: Professor of Physics
Thesis Supervisor: Dr. Paul T. P. Ho
Title: Professor of Astronomy
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Chapter 1
Introduction
1.1 The Galactic Center Region
The Galactic center region is the nuclear portion of the Milky Way Galaxy which lies in the
direction of the constellation Sagitarrius ("the Archer"), at a distance. Ro, of 8.5 kiloparsecs
(kpc).' For the present work, we loosely define this region as the projected area within a
radius of -10 pc of the compact. non-thermal radio source Sgr A'. 2 Apart from natural
curiosity about the galaxy to which our solar system belongs. there is also good scientific
justification for interest in the region.
The study of active galactic nuclei comprises a major effort in astronomy and astro-
physics. At a distance of -670 kpc. the nearest external galaxy is M31. the Andromeda
galaxy, a type Sb spiral. Recent observations of stellar orbits in the center of our nearest
sister galaxy suggest the presence of a black hole of about 107 MN[1]. To study the core
of M131 with the same spatial resolution as that available in Galactic center studies, we
would require an improvement in angular resolution of nearly two orders of magnitude. For
equal luminosities. an improvement in sensitivity of 3-4 orders of magnitude would also be
necessary. Due to its proximity to Earth, the nucleus of our Galaxy, while energetically
modest by extragalactic standards. provides the opportunity to study an active galactic
nucleus with detail presently unachievable elsewhere.
:1 kpc3 x 1019 m 3000 lt-yrs.
2At 8.5 kpc distance, 10 pcz4'. Sgr A' is located at: a(1950) = 17h42m 3 2340: 6(1950) = -28°59'18"'60
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Unfortunately, from our position inside the Galaxy, we are presented with an internal,
edge-on view of the region of interest. The intervening gas and dust in the Galactic plane
produces a total visual extinction on the order of twenty-five magnitudes 3 (a factor of 100)
which prevents optical observation of the central region. For this reason. investigation of
the Galactic center is through radio, IR. X-ray, and -'-rav observations. Each segment of
the EM spectrum reveals a different piece of the puzzle that is the complex structure and
dynamics of the Galactic center.
1.2 A Brief Overview
Investigations of the Galactic center are numerous and extensive. Reviews of these stud-
ies. as well as proceedings from several Galactic center conferences. are available in the
literature[2, 3, 5. 4]. This overview is intended to provide a context for the present work
and has been adapted from various reviews and conference proceedings with citations to
the original authors.
Recent observations of the Galactic center region reveal interesting and complex dynam-
ical structures at different size scales. The central 10 pc of the Galaxy contains a source
of radio and IR emission commonly referred to as the Sgr A complex (Fig. 1-1). In the
radio continuum. this complex contains a non-thermal. shell source. Sgr A-East. which
surrounds a thermal source. Sgr A-West (Fig. 1-2)[6]. Sgr A-East is believed to be a su-
pernova remnant which is extended on a scale of 3' (~8 pc). Sgr A-West. an HII region. is
extended on a scale of 15 ( 3.7 pc), is coincident with the peak of the 2-/zm stellar emission,
and is observed in emission from warm dust grains at mid- and far-IR wavelengths (5-100
um.[7. 8. 9, 10]
Sgr A. a non-thermal. compact radio source. lies near the center of Sgr A-West[l7. 11].
This source has spectral characteristics similar to those observed in compact sources in
the cores of external galaxies. i. e.. a positive spectral index ac0.25 (S, x v') [18. 12].
However, the total radio luminosity of Sgr A'. 10 L-, is orders of magnitude weaker by
comparison.
3Typical visual extinction in the plane of the Galaxy is -0.8 mag per kpc.
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Solid contours represent 6-cm radio continuum emission from
the Sgr A complex. The non-thermal shell source. Sgr A-East,
the thermal source, Sgr A-West, and continuum features Sgr
A-A through Sgr A-G are indicated. The long-dashed circle
represents the location of an SNR suggested by Ho et al. (1985).
Short-dashed concentric circles indicate radial distances of 2, 5.
and 10 pc from Sgr At .
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Figure 1-'2: Spectral index distribution (shading) superposed on a 20-cm
continuum map of the Sgr A complex. From Ekers tal. 1983).
.-rt A > .u0pm. two emission peaks are observed -1.4 pc on either side o Sgr A-. in a
(loublie-lobed structure aligned approximately along the Galactic plane (Fig. 1-3)[8]. This
doubie-lobed structure is interpretted as a dust ring of inner radius -- 1.4 pc. centered on
Sgr A'. Very little dust is seen at smaller radii. suggesting a fairly ompty cavit- internal
to tile ring. A corresponding rotating ring of neutral gas forms a thin. disk-like structure
at 2-5 pc from the center Fig. 1-4) [1:3. 5. 72]. The central cavity contains <treamers of
high-density ionized gas[6 wvhich appear to wind around Sgr A- withl an apparently spiral
morpnology (see Fig. 1-3 also).
Several additional continuum structures are indicated in Figure i-1. ( 1; Three conden-
sations. denoted A.B.C. and D by Ekers etcal. ( 1983). are found beyond the eastern edge of
Sgr-East. (2) An elongated "wisp" (denoted E) - 4' south of the Galactic center ma be
an extension continuing into Sgr A-Eastl14]. The secondary knot denoted F may be a con-
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Right ascension (1950)
Figure 1-3: 60-100 m dust lobes (from Becklin etal. 1982) superposed on
the 2-cm radio continuum (from Ekers et al. 1983) showing the
"minispiral" and the compact radio source Sgr A'. From Craw-
ford et al. (1985).
tinuation of the wisp". Based upon spectral indices and polarization properties, Ho et al.
(1985) suggest that the '"wisp" and the small F condensation may be part of a previously
undetected supernova remnant. This remnant may abut the southern edge of Sgr A-East,
and its suggested location is shown as the dashed circle in Figure 1-1. centered - 3' south of
Sgr A. (3) A compact condensation denoted G is located 1' southwest of the "wisp"and
has been reported by Downes etal. (1978).
Several giant molecular clouds (G.MCs) are located in the Galactic center region. The
two innermost GMCs, M-0.02 - 0.07 and M- 0.13 - 0.08. lie -10 pc. in projection, to
the northeast and south. respectively, of Sgr A', and are directly adjacent to the central
continuum structure (Fig. 1-5) [14]. These GMCs have velocities that differ significantly
17
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RIGHT ASCENSION (19501
Figure 1-4: Velocity-integrated, composite HCN 1 - 0) MEMI map super-
posed on the 6-cm radio continuum map from, Lo and Claussen
(1983). The contour interval is 0.12 K averaged over 300 km
s- 1. The two large thin circles mark the primary FWHM beam
diameter of the two observed positions. From Giisten et al. 1987.
from velocities expected for equilibrium rotation about the Galactic center. In contrast
to typical molecular clouds in the Galactic disk. the GMCs in the Galactic center region
are noted for large linewidths (vf,h,m > 15 kms -1 ) and high kinetic temperatures (Tk >
30K)[15. 16, 21]. Based on line-of-sight velocities. these GMCs are hereafter referred to
as the "50 kms-lcloud" (I-0.02 - 0.07), and the 20 kms-'cloud" (-0.i3 - 0.08).
Investigation of the physical conditions of these two molecular clouds. and of their spatial
and dynamical relationships with the Galactic center region. forms the basis for the present
work.
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Figure 1-5: 6-cm radio continuum map superposed on an NH3 emission map.
Note that HII regions are embedded within the molecular clouds.
while the non-thermal emission occurs at the edges of the molec-
ular material. From Ho etal. (1985).
1.3 Motivation
Infall from the neutral molecular ring seems to be a good dynamical model for the ionized
streamers observed in the central cavity[19]. By modeling the observed velocities as bound
motions, a radial mass distribution has been estimated. Based on this model. Serabvn and
Lacy[22] and Genzel et al. [13] suggest the presence of a black hole at the Galactic center.
Giisten et al. [72] suggest that the neutral ring may be an accretion disk which feeds the
nucleus.
While these observations focus on the complex central region within 2-5 pc of Sgr
A'. they leave several important questions unanswered. Where are the GMCs located with
respect to the Galactic center region? What is the origin of the accretion disk, i.e.. how
does the molecular material come to be located in the so-called circumnuclear disk(CND)?
Is there evidence for gas feeding of the central region? Interaction between Sgr A-East
and the nearby (in projection) molecular cloud material has been previously suggested
19
by Liszt et al. [23], and would be an indication of the proximity of the GMC to the central
source. The formation of embedded young stars and HII regions adjacent to the non-thermal
emission from Sgr A-East has been interpretted as possible evidence of such interactions
[14]. Armstrong and Barrett[16] have suggested that the nearby GIMCs may act as reservoirs
of molecular material which feed the molecular ring or disk. However. relatively little work
has been done in the context of the more extended molecular environment (out to a radius
of -10 pc) and the possible interaction of that environment with the central region.
1.4 Objective & Organization
This work presents the results of an extensive multi-spectral line, multi-resolution, observa-
tional study conducted toward the Galactic center region. The objective of the study is to
investigate the morphology, physical characteristics. and possible dynamical interactions of
the extended molecular environment. specifically, the 50- and 20-km s- 1 molecular clouds.
with the central region.
Our observational approach was organized in the following manner:
* We observed the 4-1 - 30 E methanol transition, a Class I methanol maser line. to
initially establish interactions and locations of the GMCs.
* The (J, K) = (3,3) inversion transition of ammonia was observed at two spatial
resolutions to establish the kinematics. and refine the morphology and location of the
hot, dense molecular gas in the region.
a The high-density probe. hydrogen cyanide. was observed for two reasons:
1. The J = 1 - 0 transition relates the present study to the previous work of
Giisten etal. (1987), at smaller scale.
2. The J = 3 - 2 transition reduces the deleterious effects of foreground absorption
observed at the J = 1 - 0 transition.
Chapter 2 discusses the relevant physics of the molecular probes used in the study, and
relates the physical parameters to the experimental observations. Chapters 3 through 5
20
present the equipment and observational method, results, discussion, and conclusions, in
somewhat self-contained chapters, for each molecular probe used in the study. Finally,
Chapter 6 presents an overall summary of the study results.
21
Chapter 2
Molecular Probes
2.1 The Interstellar Medium (ISM)
The "Big Bang" model postulates that the universe we observe today started 10 0 years
ago by expansion from an initial singularity. During the first few minutes of evolution,
hydrogen and possibly helium nuclei were formed. At time t '> 105 years, when the tem-
perature had dropped to T < 4000 K. electrons and protons combined to form neutral
hydrogen atoms. The Milky Way Galaxy probably began with its entire mass ( 1.1 x 1011
M.i.) 1 as hydrogen (and possibly helium) gas. About 90% of the initial mass has since been
converted into stars. while the remaining 10% exists as matter dispersed between the stars,
the interstellar medium.
Elements heavier than hydrogen and helium are produced by thermonuclear processes
in stellar interiors. During the final stages of stellar evolution, the stars return part of their
mass to the ISM. thereby enriching it with elements heavier than hydrogen. The interstellar
medium, therefore. contains 'original' material as well as material which has been processed
during stellar evolution, and contains a total mass of -5 x 109 X1,,.
The ISM is comprised of gas (99%) and fine grains of solid matter called interstellar dust
(1%). The dust grains, which are silicates or carbon-containing compounds, are slightly
smaller than the wavelength of visible light (10 - cm), thus accounting for both the
extinction and reddening of starlight.
'1 M 2 x 103 3 g.
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About 97% of the gas component of the interstellar medium is in the form of neutral
species. Many of the neutral gas and dust distributions are correlated. and localized in
distinct regions or "clouds". In the case of neutral atomic gas. these objects are called HI
regions. Until 1968, knowledge of this neutral gas component came from radio observations
using the 21-cm line of atomic hydrogen and the 18-cm doublet transitions of the OH radical.
However, at densities of 102 cm- 3 or greater, and at temperatures of about 10 K, hydrogen
atoms in interstellar gas clouds tend to react chemically to form molecular hydrogen [24].
The surfaces of the interstellar dust particles serve to catalyze the formation of molecules,
while the dust also serves to shield the molecules from destructive UV radiation. Large-scale
CO surveys done in the mid-1970's indicated that about half of the total gas in the Galaxy
is in the form of H2 molecules. While there is no 'standard' molecular cloud, typical values
for their physical parameters are:
Density 102 < nH,2 106 molecules cm - 3
Kinetic Temperature 5 ' Tki, 100 K
Total Mass 200 1,tot 106 Mf
These GMCs are among the most massive individual objects in the Galaxy, and are sites
of star formation.
An observational difficulty arises from the fact that H2, a homopolar molecule, has
no spectral line transitions at radio, microwave, or optical frequencies. Recall, however,
that elements heavier than hydrogen are present due to stellar evolution. The chemical
composition of the ISM in the solar neighborhood indicates that the mass fractions of the
elements are X('H)=0.70. X(4 He)=0.28. and X(A>4)=0.02. Among the elements heavier
than 4He, C N, 0, and Ne are the most abundant. Molecules formed from these trace
elements and the hydrogen present in the ISM provide the spectral line transitions by
which the GMCs are investigated. The most frequently observed molecular transitions
are rotational transitions in the centimeter and submillimeter range. The objective of these
observations is to probe the ISM and extract information from which the physical conditions
i.e.. temperature and density, of the GMCs can be determined.
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2.2 Theory of Interpretation
A wide range of physical conditions can be probed by the many molecular transitions
available at centimeter and millimeter wavelengths. Some molecules. especially symmetric
tops with energy ladders connected by forbidden transitions. act as sensitive thermometers.
The ammonia(NH 3 ) inversion transitions are good examples. Other molecules. particu-
larly species with simple, single-ladder energy levels and many allowed transitions. act as
good densitometers. Hydrogen cyanide(HCN), a linear triatomic molecule. is often used
for this purpose. Still other molecules, by virtue of their anomalous behavior. indicate un-
usual or extreme excitation conditions in the observed region. Several transitions-of the
methanol(CH30H) molecule, an asymmetric top with hindered internal rotation. provide
this capability. The following sections outline some of the methods for obtaining the physical
parameters of molecular clouds from the observed data.
2.2.1 Radiative Transfer
The usual starting point for the analysis of spectral line data is the solution of the radiative
transfer equation.
AT*(vY) = ( [Jv(Te) - J,(Tbg)] (1 - e T ) , (2.1)
where AT(v) = excess source antenna temperature that would be measured
by a lossless antenna outside the atmosphere. K
= beam-filling factor, dimensionless
r, = optical depth. dimensionless
J,(T) = Planck function in temperature units. K. such that
hv hvp~fhY\ (2.2)J,(T)= exp (k) ] (2.2)
In the Ravleigh-Jeans limit, hv << kT. note that J,(T) - T. In Equation 2.1. the
excess antenna temperature corrected for antenna efficiency and atmospheric attenuation.
_AT. and the brightness temperature of the background. Tbg, are the determined quantities.
In many cases. Tg is the ubiquitous 3 K background. The desired physical parameters of
kinetic temperature, Tk, and number density, usually n(H 2), are contained in the excitation
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temperature, Te,,, and the optical depth. r,, respectively. However, in normal single-line
observations, and the coupled quantities J(Te,) and r, cannot be determined easily from
the observed spectra.
The excitation temperature, Tex, is defined in terms of the relative populations of the
upper and lower levels of a transition by the usual Boltzmann distribution law.
nu exp hv (2.3)
gu 91 kT 2
The kinetic temperature, Tk, can be defined in terms of the collisional transition rate,
C, as
Cul gexh yC = 9exP ( e ) (2.4)
The optical depth of a spectral line can be expressed as
= hc 2A,,L ( v)NU (2.5)
8rkvuJl,(Tex)'
where NV - fOL n ds is the column density in the upper level of the transition. o(v) is
the line profile function for which f o(v)dv = 1. and A is the Einstein coefficient for
spontaneous emission.
The beam-filling factor, , is a function of the antenna beam shape and the source
distribution. If the beam shape and source distribution are modelled as single gaussians. 4
can be written as
2[' ( 21 -1/2
+ 1 + (2.6)
where Sb is the half-power beamwidth of the antenna. and O., y are the angular dimensions
of the source in two orthogonal directions[25]. If 9 = y, Equation 2.6 simplifies to
= [1 + , (b) (2.7)
where s. = , = 0,. In the case of an extended source, unity is often assumed for .
Consider Equation 2.1. with = 1, in the limits of optically thick ( > 1) and thin
(r < 1) emission. For the optically thick case. r > 1. Equation 2.1 becomes
AT(v) = J,(Te) - Jv(Tbg). (2.8)
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For the optically thin case, r << 1, Equation 2.1 becomes
AT.(v) = [Jv(Te,,) - J,(Tbg)] r,. (2.9)
If we further assume that Tx > Tbg, and use Equation 2.5, we have
"TA (v) S= khc2A t(v) · (2.10)Srkv, 
An optically thick line provides a direct measurement of Te,,, but no information about
r and. therefore. the column density. An optically thin line with Tex > Tbg provides a
measurement of the column density in the upper level of the transition. but no information
about Tex.
In general, it is not possible to simply relate Tex for a pair of energy levels to temperatures
which characterize the particles and radiation fields. It is often necessary to numerically
evaluate a set of statistical equilibrium equations, which include a large number of molecular
energy levels. In the simple case where transitions between levels are produced by collisions
with particles at temperature Tk and a background radiation field at brightness temperature
Tb6 . T,, is a weighted mean of the two temperatures. The three temperatures are related
by [26]
'T = Tk Tko + To (2.11)
where
hvCi
kA 1
and Ctl and Aul are the collisional and radiative transition rates.
If the rate equation is dominated by radiative transitions. i.e.. Cut < Al, then Te -
Tbg. If. however. collisions dominate. i.e., C 1u > Aul, then Tex - Tk. Since the collision
rate. Cu,, increases with increasing number density, collisions will tend to dominate the
distribution in regions of high density gas. and the excitation temperature will equal the
kinetic temperature. In low density regions, Tex - Tbg.
The density of particles that makes Te the average of Tbg and Tk is given by[27]
<> [ A- epu< as [1 exp
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where
641r 4 v3, (2-13)
3hc3 (2.13)
and where 1/1i,I is the dipole matrix element between the levels. Dipole matrix elements
for different molecular structures are listed in Table 2.1[28]. Ill Equation 2.12, < cry > is
Structure
Diatomic
Linear Polyatomic
Symmetric Top
Asymmetric Top
Table 2.1: Dinole Matrix Elements
Transition
J+l--J
J + ,e - J,e
J- J,K- K
J-J- 1
the velocity-averaged collision rate. Without specific cross-section information, it is usual
to take < v > 10-15 v, with , the mean relative speed of the two colliding particles,
given by = (8kTk/rm) 1/ 2. For Tk = 80 K and m mH2, v = 9.2 x 104 cm s - 1. Since
Te, is typically much closer to Tk than to Tb9[27], Equation 2.12 provides a lower limit for
n. Table 2.2 gives lower limits for H2 densities for the molecular probes used in this study.
Tk = 80 K was assumed.
Molecule
NTH3 (3,3)
CH30H (4_1 - 30 E)
HCN (1-- 0)
HCN (3- 2)
Lble 2.2: Lower Limits
v(GHz)
23.870
36.129
88.632
265.886
for H2 Densities
.4 l(s - 1)
2.56 x 10- 7
1.49 x 10 - '
2.40 x 10- 5
8.33 x 10- 4
'A stronger lower limit is established in Section 2.4.3
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I 12/t2
J+1
2J+3
(J+l)2_ 2
(J+1)(2J+1)
'2
J(J+1)
2J+ 1
nH2 (cm- 3 )
1.8 x 103 a
3.1 x 103
3.0 x 105
8.4 x 106
- i
- -
-
.
-
2.2.2 Optical Depth and Column Density
Observation of a single line is insufficient to determine whether or not a source is optically
thick. In practice, therefore, one usually assumes that the source is optically thin unless
there is evidence to the contrary. If we further assume that the source is extended with
respect to the antenna beam ( = 1) and T, > Tbg, we can make use of Equation 2.10.
Substituting for Alu using Equation 2.13 we get
8' 3
AT;(v) = -3--v2 () Iu I,2 N. (2.14)
The total column density of molecules, NVtt, can be found from the column densitv in the
upper level of the transition if we assume a distribution for the energy level populations.
Typically, a Boltzmann distribution characterized by temperature Tk is adopted. .V is then
related to the total population column density by
Ntotgu exp (- kT )
IV = k (2.15)
Q
where Q is the rotational partition function. Substituting for NVu in Equation 2.14. inte-
grating and solving for Ntot, we have
Vtot = 3k T d Q p ( ) (2.16)$,,r v j~v i 2 kT /
It should be noted that this method of determining the total column density of a molecular
species requires knowledge of Tk in order to relate Nu to tot via the Boltzmann distribution.
The observation of two lines. for example, two different hyperfine components, can be
used to determine the optical depth of the source. The procedure is to write Equation 2.1
for the main and satellite lines, assume the beam-filling factor and T,e are the same for
both components, then divide to get
AT (m) _ I-
,T.(s) 1 - ear(M) (2.17)
where m and s refer to the main and satellite hyperfine components, r(m) is the optical
depth of the main component, and a is the ratio of the intensity of the satellite to the main
component. r can be derived numerically from the ratio of the observed AXT values. If we
assume a value for D, then Equation 2.1 can be used to solve for T,:. Equation 2.5 is then
solved for N,.
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Different isotopes of the same molecule can be used in the same way. It is common
practice, for example, to assume the terrestrial value of 12C/13 C, then use the observed
relative strengths of 13 C0 and 12CO to deduce the optical depth. In addition to the isotopic
molecular species having the same T,,, it is necessary to assume that the isotopic abundance
is known a priori.
2.2.3 Mass Determination
Mass estimates in this study are made by using column densities derived from the obser-
vations in connection with the observed source sizes. Conversion to H2 column densities is
through the published molecular abundances as listed in Table 2.3.
Table 2.3: Molecular
Abundance
10-8
10- 7
o10-9-10-8
10--_10-6
10-8_10-'
Abundances
Sources
central region 
GMCs b
cold clouds
warm, dense regions
circumnuclear disk c
"Serabyn and Gusten (1986)
bGisten et al. (1981)
CGiisten eta'. (1987)
Virial mass estimates are made using the familiar relation
II ( v )R 230 [km sN] [R] 1
where Av is the FWHMI of the line profile and R is the radius of the source.
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Molecule
NH 3
CH30H
HC N
(2.18)
=3
-
2.3 Methanol
2.3.1 History and Excitation
Methanol (CH30H), the simplest alcohol molecule. exhibits a very rich spectrum of transi-
tions at radio frequencies owing to its structure, an asymmetric top that undergoes hindered
internal rotation. Interstellar methanol was first detected, in emission, by Ball et al. (1970)
using the k = li doublet of the A-torsional species at 834 MHz (36 cm) in Sgr A and
Sgr B2[29]. Line widths and Doppler velocities were found to be compaiable to those of
other molecules observed toward the region, but details about the line excitation could not
be derived. Shortly thereafter, Barrett. Schwartz. and Waters reported the detection of a
series of J2 - J(J = 4 - 8)E-type transitions at 25 GHz in Orion A[301. They assumed
that the lines forned in LTE and derived unexpectedly large densities (0.25 cm- 3 ) of
CH30OH in Orion.
Zuckerman etal. detected the 5-1 - 40E transition at 84 GHz in Sgr B2[31]. The line
was not detected in Sgr (NH3 A) or Orion A. However, upper limits for T.4 of 0.9 K and 1.4
K were established. Calculations of lifetimes based on spontaneous emission rates indicated
that the 25 GHz AJ = 0,. k = 1 transitions discovered by Barrett et al. in Orion,as well as
the $_. - 40E transition in Sgr B2 should show a tendency for population inversion and.
therefore. at least, weak maser action. They pointed out that the \J = 0. Ak = 1 lines at
25 GHz were observed in Orion A but not in Sgr B2, while the AJ = 1, k = i lines at 36
and 84 GHz were observed in Sgr B2 but not in Orion A.
The 4-1 - 30E transition at 36.2 GHz, which is used in the present study, was detected
by Turner et al. toward Sgr B2[32]. This transition was not detected in Orion. but an upper
limit (5a) for TA of 1.43 K was determined. Based on lifetime calculations similar to those
of Zuckerman etal., Turner et al. suggested that most interstellar CH3 0H transitions that
had been detected were anomalously excited. A simple analysis produced relative intensities
for the 25 GHz series of J2 - J1 (J = 4 - 8)E transitions similar to those observed by Barrett
et al. in Orion. However, the observed differences in the Sgr B2 and Orion A sources could
not be explained. Specifically, the 5-1 - 4o (84 GHz) and 4-1 - 30E (36 GHz) transitions
detected in Sgr B2 were not seen in Orion A. even though the 25 GHz lines observed in
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Orion A involve levels of liigher energy [31, 32. 30].
Figure 2-1, taken from Lees (1973), shows the energy-level scheme for the E torsional
species of methanol[33]. The spontaneous transitions with the largest A-coefficient from
9C
7C
E/hc
(cm') 50
30
lO
I-
/
3 5 ,,k' 1/ /-- , - //
/ u T 
2 - .X ,
2 -, o .2' 3
-3 -2 - 0 1 2 3
k
Figure 2-1: Energy-level diagram for the E-torsional species of methanol.
showing spontaneous transitions with the largest A-coefficient
from each level. Dashed lines indicate transitions for which the
radiative lifetimes are greater than an estimated relaxation time,
r(- 104 s). From Lees (1973).
each level are indicated. To show where the effects of collisions may be important, dashed
lines indicate transitions for which the radiative lifetimes are greater than an estimated
collision relaxation time. r (_104 s.). Apparently, the k = -1 levels are the endpoints for
all spontaneous decay routes. enhancing the probability of 5-1 - 40 (84 GHz) and 4-1 - 30
(36 GHz) emission.
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In an effort to understand the anomalous excitation of the CH3OH molecule, Lees and
Haque undertook a series of microwave double-resonance experiments to investigate the
existence of collision-induced transitions between k-ladders[33, 35]. They found that for
collisions of CH30H with either He or H2, the rates of collisional transitions decrease rel-
atively slowly with AJ. In collisions with He, which is expected to behave like para-H 2,
parallel 1k = 0 collisional transitions are favored over perpendicular Ak = + 1 transitions
by a factor of about four. In collisions with normal H2, Ak = 0 transitions are similarly
favored by a factor of about two. They concluded that although the Ak = 0 transitions
are favored, _k = 1 collisional transitions must be considered in order to understand
methanol excitation in the ISM. They also concluded that at low values of nH2, only the
k = -1 and 0 stacks would have significant populations. At higher values of nH,, all stacks
from k = -1 to 2 would be populated. In this manner, collisional excitation up to the k = 2
stack would be a sensitive function of the hydrogen density.
Morimoto etal. observed the 36 GHz 4-1 - 30E transition in Sgr B2 and determined
that the line is a maser with very different characteristics from those of previously known
molecular masers [36]. Line profiles were found to consist of three components: underlying
thermal emission, strong and broad components. and very narrow spike-like components
( 1.5 km s- '). By mapping the spike components. they found that in Sgr B2. the 4_- -
30E maser emissions are distributed along the edge of the HII region as defined by the H56a
emission. Statistical equilibrium calculations for the lowest 121 levels of CH30H E and .4
states at TK = 40 K, produced population inversions. However, no transition produced
brightness temperatures greater than 40 K. Collisional excitation is apparently not effective
in this case, and the populations are governed principally by radiative transitions. At
TK = 80 K, nH2 104 cm-3, and X(CHsOH)/(dv/dr) ~ (1 - 5) x 10-7 (kms-' pc-') - ',
however, collisional excitation effectively produces inversion of the levels. 7l exceeds unity,
and strong maser emission is observed as a spike feature. For a lower fractional abundance
of methanol (_10 - ' ) and similar nH2, brightness temperatures typical of the weaker broad
components were produced. Therefore, to explain the brightness temperatures observed in
Sgr B2, Morimoto et al. concluded that a very high abundance of CH3 0H. nH, ;, 104 cm- 3.
and a high kinetic temperature (> 80K)are necessary.
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2.3.2 Classes of Methanol Masers
Menten (1987) and Batrla etal. (1987) divide methanol masers into two classes [37, 38].
Class II methanol masers show maser action in the 2 - 3 1E (12 GHz), 21 - 30 E (19
GHz), and 92 - 101 A+ (23 GHz) lines and arise from the same regions as OH masers. close
to compact HII regions like V3(OH), the prototypical Class Ilmethanol maser source. Class
Imethanol masers exhibit maser action in the 25 GHz .12 - JE lines and have Orion-KL as
their prototype. They are generally offset from OH and H20 masers. known IR and radio
continuum sources, and other molecular emission peaks. Extensive surveys have shown that
the 4 -1 - 30E (36 GHz), 7o - 61A+ (44 GHz), 35-1 - 4oE (84 GHz), and 80 - 71,4+ (94
GHz) masers are also members of the Class I maser 'family' [58. 57, 1]. Interferometric
observations by Batrla etal. 1988 and Plambeck etal. (1990) in DR 21(OH) indicate that
the Class I maser lines all originate from the same volume of gas. and demonstrate excellent
agreement in LSR velocities and line shapes (49. 42]. Statistical equilibrium calculations
performed by Menten etal. (1990) indicate that purely collisional excitation can lead to
simultaneous inversion of these transitions for X(CH 30H) = 10 7(kms - 1 pc-l)' - , T¢ =
100 K. and nH. - 104 - 106cm-3[42]. Johnston etal. (1992) performed similar calculations
assuming T = 80 K and X(CH 30H) - 10-7(kms-' pc-l) - . Figure 2-2, taken from
Johnston et al. . displays the result as optical depth plotted against molecular hydrogen
density. Again, simultaneous inversion of the Class I transitions is indicated. Note that
maser action in these transitions is quenched at nH2 > 10' cm - 3. and that the 4-1 - 30E
and 5-1 - 4oE transitions are quenched at lower densities than the J2 - J1 lines.
Although many questions about the excitation of Class I masers remain. a simple pump-
ing mechanism that produces inversion of the 36 GHz transition is available from the basic
properties of the molecule. Again, consider the E-type level diagram at Figure 2-1. One
observes that the 36 GHz transition has its upper level in the k = -1 ladder and its lower
level in the k = 0 ladder. Lees (1973) has pointed out that masers in these lines occur
because molecules that have been collisionally excited into high Jk states. decay rapidly
(radiatively) from levels with both positive and negative k into the k = -1 central ladder.
Since Ak = 0 collisions are preferred relative to Ak = +1. and spontaneous transitions out
of the k = -1 ladder are much slower than J-1 - (J - 1)-1 transitions, molecules cascade
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Figure 2-2: Peak optical depths of various methanol transitions as a function
of H2 density using the large velocity gradient approximation.
From Johnston et al. (1992).
down the k = -1 ladder. overpopulating the k = -1 levels compared to the adjacent k-
ladders. This leads to the 4-i - 30 E and 5-1 o40E masers at 36 and 84 GHz. It should
be noted that the 4 -1 level is the first of the k = -1 levels that can produce maser action,
since for smaller J-values there is no lower k = 0 level.
2.3.3 Methanol Masers as Shock Probes
Class I methanol masers are observed to occur behind shock fronts as seen in DR 21(OH)
(W75 S), a star-forming molecular core in the W75/DR 21 cloud complex. and Orion-
KL[42, 43]. In DR 21, the brightest Class Imasers are located between CS emission peaks.
which originate in dense molecular gas. and H2 emission regions which trace shock fronts
associated with outflows(Fig. 2-3). This suggests that methanol masers are formed as a
result of the interaction of outflows with dense clumps of gas. Since the maser velocities are
similar to ambient cloud velocities, unlike high-velocity H2 0 masers, the methanol masers
do not appear to be accelerated by the outflow. However, the clumps may have experienced
substantial heating. Observations indicate that the methanol abundance can get as high
as 10- ' _10 - 6 in warm dense regions. Plambeck etal. suggest that this hundred-fold
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increase in abundance over cold cloud values ( 10 9 -10 - 8 ) is a result of the evaporation
of methanol ice condensed on dust grains, thereby leading to the formation of collisionallv-
pumped methanol masers. Similar explanations for enhanced methanol abundance have
been advanced for methanol observations in Orion and W3(OH)[48. .15].
Observations of Class I methanol masers in OIC-1 indicate very similar behavior.
Correspondence of methanol maser positions with the peaks of 2/ um 112 ,emission suggest
that the methanol maser emission traces the interface between the bipolar outflow seen in
CO. and high density molecular gas (Fig. 2-4)[43]. Johnston etal. (1992) emphasize that a
necessary condition for methanol maser emission is coherence along the line of sight. In a
highly turbulent region. this condition is not fulfilled everywhere. It is suggested that maser
emission occurs only in shocked regions where the shock velocity is nearly perpendicular
to the line of sight. This may explain why the maser emission velocities are close to those
observed for the quiescent gas in both OMIC-1 and DR 21. Johnston etal. conclude that
methanol masers form behind shock fronts and that these shocks are moving at right angles
to the line of sight. In Figure 2-5 from Johnston etal. (1992), the outflow denoted by the
CO emission plows into a quiescent cloud causing the molecular hydrogen emission. The
methanol maser emission arises from a cloud just behind the molecular hydrogen emission.
Based on these characteristics. Class I methanol maser transitions are ideally suited for
probing regions of suspected shock interactions such as star-forming regions and the giant
molecular clouds near the Galactic Center.
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Velocity-integrated emission from the 52 - 51E methanol tran-
sition(shaded contours). Solid contours indicate the distribution
of molecular hydrogen emission at 2 /m from the v = 1 - OS(1)
line(Fischer etal. 1991). The dotted contour indicates the low-
est contour of NH3 emission from the Hot Core. From Johnston
etal. (1992).
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Figure 2-5: Possible representation of clouds in the OMC-1 region.
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2.4 Ammonia
Ammonia (NH3 ), the classic example of a symmetric top molecule with inversion, is a
well-studied molecule in microwave spectroscopy. The first polyatomic molecule detected
in the ISM, ammonia was first detected in emission by Cheung etal. (1968)[63] using the
(J. KIi) = (1, 1) inversion transition at 23.694 GHz (1.3 cm) in the direction of the Galactic
center. Detailed treatments of the physics of the ammonia molecule are presented in Townes
and Schawlow (1975)[28], and Kukolicn (1967)[64]. Metastable and non-metastable states,
ortho- and para-species, inversion motion, and hyperfine structures are properties of the
ammonia molecule which make it useful in a wide variety of astrophysical situations. An
excellent review of the utility of the ammonia molecule as a probe of the ISM is contained
in Ho and Townes (1983)[651. In the following sections, we briefly review topics pertinent
to the present work.
2.4.1 Inversion Levels and Hyperfine Structure
The pyramid-shaped ammonia molecule has the nitrogen atom at the apex and the three
hydrogen atoms equidistant from the nitrogen atom. With this structure, the molecule
possesses a three-fold axis of symmetry (the molecular axis) through the nitrogen and
midway between the hydrogens, which is usually taken as the z-axis. The principal moments
of inertia 1, and Iy are equal and normally called IB, while Iz is usually designated Ic.
Because it is a symmetric top, the rotational energy, W, can be expressed as
= BJ(J + 1) + (C - B)K2 (2.19)
where J is the total angular momentum, excluding nuclear spin. K is the component of
J along the molecular axis with K = J, IK - 1i,--,-J, and B and C are the rotational
constants given by
h
B = 8 2.98 x 10l l s-
and
hC = = 1.89 x 101 s-
Rotational energy levels within 350 cm - 1 of the ground state are shown in Figure 2-6,
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Figure 2-6: Rotational Energy Levels of NH3
illustrating the level structure typical of an oblate symmetric top. Note that the (J, K) =
(3.3) inversion doublet lies at about 114 K above the ground level, and, therefore, samples
the hotter gas in the observed region.
The selection rules for dipole radiation of a symmetric top are
AJ = 0, ±1; AIl = 0; + - -
so that the transition frequencies are functions of J only (neglecting centrifugal stretching
and other small effects), and are given by
v = 2B(J + 1)
For J = ±1, these frequencies lie in the infrared. Note also that the rotational energy,
W. is independent of the sign of K, so that all levels with IK > 0 are doubly degenerate.
and there are only J + 1 different energy values for each possible J-value.
For rotational levels in which J 4 K. radiative decay by means of AJ = 1, AK = 0, far-
infrared transitions occurs quickly (10-100 s), and these states are termed non-metastable.
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In contrast, the J = K states either can decay by the much weaker AK = 3 transitions,
with lifetimes of about 109 seconds, or can escape upward via AKI = 1 collisions (in the
absence of a strong infrared source) and then decay via the far-infrared transitions. The
J = K states, therefore, are termed metastable states.
The transitions of interest in this study are not between rotational levels but are between
the inversion levels of the (J. K) = (3, 3) doublet. The inversion splitting is the result of the
hindered vibrational motion of the nitrogen atom through the plane of the three hydrogen
atoms. The effect of the potential barrier presented to the N atom by the H atoms is to bring
the two lowest vibrational levels together to a point where transitions between the levels
occur in the microwave range near 1 cm. Distortion of the potential barrier by molecular
rotation has the effect that the inversion frequencies for each rotational level differ by a
small amount.
Hyperfine transitions complicate the inversion spectrum. The interaction of the electric
quadrupole moment of the N nucleus with the electric field due to the electrons. causes
splitting of the line into five components, consisting of a main line (AF1 = 0, where Fi =
JI,r+-, and IN is the nuclear spin), and two pairs of satellite lines (AF 1 = ±1) symmetrically
distributed about the main component. The nuclear quadrupole energy, VQ, of a nucleus
on the axis of a symmetric top is given by Townes and Schawlow [28] as
J(J+ 3K _ 1) [33
IVQ = eqQ J(J+I) - 1) (2.20)2Iv=(21, - 1)(2J - 1)(2J + 3) 4 + 1)-IN(IN + 1)J(J +
where
C = F(F + 1) - IN(IN + 1) - J(J + 1) (2.21)
and e is the electronic charge, q is the nuclear quadrupole moment, and Q is the second
derivative of the Coulomb potential. The product, eqQ, is called the quadrupole coupling
constant and is taken as 4.09 MHz [64]. Using Equation 2.20 and the selection rules,
AF 1 = 0 ±1: AK = 0; AJ = 0 (AF 1 = 0 and F1 = 0 is forbidden); (2.22)
the frequency spacings of the quadrupole components can be calculated. Figure 2-7 shows
the quadrupole hyperfine structure (hfs) of the (J, K) = (3,3) transition. The relative
intensities of the different components for the AJ = 0 transitions can be determined from
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Figure 2-7: Quadrupole hfs of the NH3 (3,3) Inversion Doublet. (Not to scale)
the expressions[28]
F1 - F1
F - F - 1
F1 - F1 +1
A [J(J + 1)+ F1 (F + 1)- IN(Iv + 1)]2 (2F, + 1)
F1(F1 + 1)
-A(J + F + Iv + 1)(J + F1 - IN)iJ- Fi + Iv + 1)(J
F1
-A(J + F1 + IN + 2)(J + F1 - IN + 1)(J- F1 + Lv)(J
- F -vN)
- F - v -1)F + 
Frequency spacings and relative intensities of the quadrupole components are listed in Ta-
ble 2.4.
Weaker interactions due to Iv · J and H - J coupling (IH = sum of the hydrogen
spins). as well as nuclear spin-spin interactions between the hydrogen magnetic moments and
the nitrogen moment, and between the moments of the hydrogen nuclei themselves result
in further splitting of the hyperfine components. These second-order magnetic hyperfine
structures are not relevant to the present study, and are not discussed further.
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Table 2.4: Quadrupole hfs of the NH3 (3,3) Inversion Dou-
blet.
vo Fl' - F1 v a AV Relative
(GHz) (MHz) (km s- 1) Intensity
23.870129 4 -4 0 0 0.402
3-3 0 0 0.280
2-2 0 0 0.212
3 = 2 ±2.30 ±28.89 0.026
3 4 ±1.70 ±21.35 0.027
aAv is the frequency offset from vy
2.4.2 Optical Depth Determination
The technique for determining optical depth via hyperfine satellite lines works reasonably
well for moderate optical depths and narrow spectral lines. These conditions produce spectra
from which the relative strengths of main and satellite lines can be easily determined. To
illustrate the technique, we assume gaussian line shapes, unity beam-filling factor. and
constant Te,,. Then, with the data in Table 2.4 we use Equation 2.1 to generate simplified
model spectra for the (J, K) = (3, 3) inversion transition. An example spectrum generated
in this manner is presented in Figure 2-8, where we have assumed Tr = 30K. vsr, = 50 km
s- 1. Av = 3 km s- 1, and r = 2. Note that in this case, the satellite lines are resolved and
the relative strengths of the main and satellite lines can be easily measured. One can then
make use of Equation 2.17 to extract the optical depth of the main line.
As the spectral linewidth increases. the technique becomes more difficult to apply. Fig-
ure 2-9 shows how the hyperfine spectrum changes for linewidths typical of the Galactic
center region (Av ·- 15 km s- 1), for several values of optical depth. Clearly, blending of the
individual lines makes it difficult to accurately determine the main-to-satellite-line ratios.
especially for optically thin emission. In spectra for which the main-to-satellite-line ratios
can be confidently determined. we use Equation 2.17, which graphical solution is shown in
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Figure 2-8: Model NH3 spect-am illustrating hyperfine structure.
Figure 2-10, to establish the main-line optical depths. From Figure 2-10, we see that this
technique is most useful for optical depths in the range 1-10.
2.4.3 Two-Level Model
In NH3, normal intermolecular collisions produce only transitions for which Ak (K = Ikl)
is a multiple of 3 (including 0)[65]. Except for very slow Ak = 3 transitions due to
interaction between rotational and vibrational motions, the IK-ladders are independent of
each other[67]. Within each I-ladder. the non-metastable states (J > IK) decay rapidly
(10-100 s) via the far-infrared AJ = 1 transitions. Furthermore, the lowest, metastable
states (J = KI) can only decay via the much slower (109 s) Ak = 3 transitions. Therefore,
if we neglect transitions across IK-ladders, we may model any metastable inversion doublet
as a two-level system.
Applying the principle of detailed balance to the two levels. u (upper) and I (lower), we
write
nl [Cl, + IBj,] = nu [CB1 + IB. 1 + Aul] (2.23)
where we include the effects of collisions. absorption. and spontaneous and stimulated emis-
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Figure 2-9: Model NH3 spectra illustrating the effects of large linewidths for several values
of optical depth.
sion. As usual. A and B are the Einstein transition probabilities which are related by
2hv3
AUI - c Bul (2.24)
and
guBul = gl Blu (2.25)
The intensity of the local radiation field, Iv, is expressed as
Iv = c2 [exp kT
2kv 2
= 2k Ji,(Tr)
C2
- 1 - 1
(2.26)
where Tr is the radiation temperature.
Using Eqs. 2.4. 2.24. 2.25. and 2.26. we rewrite Eq. 2.23 as an expression for Te,,
TeX = Tk { 1 + Tn [I +. Au I J(Tr)) -1 (2.27)
where T, = hvl/k.
The collision rate, Cul, is defined as
Cul = nH2^"u = nH 2 j ul(v)vf(v)d v//
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Figure 2-10: Optical depths for the NH3 (3.3) transition assuming equal Te,.
where 'yl is the collision probability per colliding particle, al is the collision cross-section,
and f(v) is the velocity distribution function of the colliding particles. We assume that
the dominant collisions are by hydrogen molecules with density, nH2. We take H 2 -NVH 3 =
2.5 x 10-15 cm2[66]. If hard sphere collisions are assumed. a is independent of v. Then, for
a Maxwellian velocity distribution, we have
Cu = nH2 Ul vf(v)dv
= nH2 al (2.29)
where v = (8kTk/rm)1/ 2.
To illustrate the collisionally-dominated and the radiationally-dominated regimes for the
(3.3) line. a plot of AuI/Cul over a range of Tk for several values of nH2 is shown in Figure 2-
11 (dashed curves). Superposed on the plot in solid curves are solutions of Equation 2.27 for
several values T,,, assuming Te >> Tr. The curve for T, = Tk/2 represents the condition
for which Te will be half-thermalized. Note that although Au,/Cu < 1 for nH 2 > 103
cm - 3 . densities of order 105 cm-3 are necessary for thermalization.
Eq. 2.27 can be solved for nH2 as a function of the other parameters with the result
-4, [J,(Te,) - J,(T)] [ J(Tk) (2.30)
"nH = - I-(T + T30)
7.1 J(Tk) - (Tez)) T.
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Figure 2-11: Two-Level Model Calculations of T(3.3).
Figure 2-12 is a graph of T for the (3.3) inversion line which was computed from this
two-level model for the indicated range of Tk and nH2 .
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Figure 2-12: Two-Level Model Calculations of Tez(3. 3).
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2.5 Hydrogen Cyanide
Interstellar hydrogen cyanide (HCN) was first detected in emission, by Snyder and Buhl
(1971) using the J = 1 - 0 ground-state rotational transition at 88.6 GHZ (3.4 mm) in six
sources: W3(OH), Orion A. Sgr A(NH3A), W49. W\51. and DR21(OH)[69. In the ground
vibrational state. HCN is a linear molecule. and has a rotational spectrum very similar to
that of a diatomic molecule, with energy levels given by
W . BoJ(J + 1) - DjJ2(J + 1)2 (2.31)h
where Bo(= 44315.97 MHz) is the rotation constant, and Dj(= 87.24 kHz) is the centrifugal
stretching constant[70]. We note that the J = 1 and J = 3 rotational levels have equivalent
temperatures of 4 K and 25 K above the ground state, respectively.
Rotational transitions are further split by nuclear hyperfine structure due to the N
nucleus. This interaction gives rise to a triplet in the J = 1 - 0 transition and to a sextet
in the J = 3 - 2 transition. The nuclear quadrupole energy is given by
IVQg = eqQ 1 3 [C(C + 1)-I(I + )J(J + 1) (2.32)21Iv(21,v - 1)(2J - 1)(2J +3)4
where
C = F(F1 + 1) - ,v(lv + 1)- J(J + 1) (2.33)
and eqQ, the quadrupole coupling constant, is taken as 4.71 MHz [70].
The quadrupole hyperfine structure for the HCN J = 1 - 0 rotational transition is
shown in Figure 2-13 with frequency spacings and relative intensities listed in Table 2.5.
Similarly, the quadrupole hyperfine structure for the HCN J = 3 - 2 rotational transition
is shown in Figure 2-14 with frequency spacings and relative intensities listed in Table 2.6.
Unlike NH3, the hyperfine structure of HCN cannot be used to determine optical depth
as described in Section 2.2.2 because of the large linewidths characteristic of the Galactic
center region. For the J = 1 - 0 transition, the satellite lines are removed from the main
line by only - +4 and - -8 km s- 1. The situation is worse for the J = 3 - 2 sextet. where
the two extreme satellites are separated by only - 42 km s-1, and each has an intensity
of only , 4% of the entire transition. In contrast. the remaining four lines of the sextet are
separated by less 1 km s-l and contain 92% of the transition intensity.
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Figure 2-13: Quadrupole hfs of the J = 1 - 0 triplet. (Not to scale)
Table 2.5: Quadrupole hfs of the J = 1 - 0 Triplet
VO F1 ' - F1 AV a AV Relative
(GHz) (MHz) (km s- 1) Intensity
88.631602 2 - 1 +0.25 -0.83 0.555
1 - 1 -1.19 +4.01 0.333
0-1 +2.33 -7.89 0.111
'AL, is the frequency offset from vo.
The value of HCN as a molecular probe derives from its relatively large dipole moment,
= 2.98 Debye, which produces large transition rates for spontaneous emission, Aul. As
reflected in Table 2.2, high molecular densities (105-106 cm- 3 ) are then required to produce
observable emission. Based on the equivalent temperatures of energy-levels used in this
study. the observed transitions are not particularly sensitive to temperature. However,
the HCN molecular transitions are good probes of the total column density of the dense
molecular material.
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Figure 2-14: Quadrupole hfs of the J = 3 - 2 sextet. (Not to scale)
.6: Quadrupole
F[ - F!
4 - 3
3-2
2 1
3-3
2-2
2-3
hfs of
Av a
(MHz)
+0.06
0
-0.24
-1.51
+2.12
+0.61
the J = 3 - 2
AV
(km s-1 )
-0.06
0
+0.27
+1.71
-2.39
-0.68
Sextet
Relative
Intensity
0.429
0.296
0.200
0.037
0.03 7
0.001
'Av is the frequency offset from vo.
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265.886432
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Chapter 3
Met hanol
3.1 Introduction
Emission from the 4-1 - 30 E (36 GHz) transition of methanol was mapped using the
Haystack Observatory 37-in telescope to investigate possible interaction of the extended
molecular environment in Sgr A with the central region. Plambeck et al. (1990) and John-
ston etal. (1992) have demonstrated the use of Class I methanol masers as probes of shock
interaction zones in DR 21 and OMC-1, respectively (See Section 2.3). Class I maser emis-
sion indicates a high abundance of methanol, X(CH 30H) 10-', low turbulence ( few
km s- 1) to provide velocity coherence along the line of sight, and local conditions necessary
for population inversion. i.e.. kinetic temperatures in the range 80-100 K and H2 densities
of order 107 cm- 3 to provide the collisional pump source. In the present study we use the
4-1 - 30E methanol transition to search for a signature of shock interaction zones - Class
I methanol maser emission.
3.2 Observations & Data Reduction
The observations were made in April and June 1988, Feb-May 1989. and Dec 1990 using the
Haystack Observatory 37-m antenna near Westford, MA. The telescope was equipped with
a 35.5-49 GHz maser preamplifier receiver with a system temperature of -150 K at the
rest frequency (36.169240 GHZ) of the 4-1 - 30E line of methanol. The autocorrelation
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spectrometer was operated at a bandwidth of 13.3 MHz with 512 autocorrelator lags. The
resultant spectral resolution with unity weighting is 39.1 KHz. This corresponds to a velocity
coverage of 110 km s- 1 with a velocity resolution of 0.3 km s- l. Centered at V,,r = 30km s- 1,
the useable velocity coverage is -20 to 80 km s - 1 when unstable baseline effects at the edge
of the bandpass are removed.
Based on discrete source scans of Jupiter taken in March 1989. an antenna aperture
efficiency, tra, of 0.15 (18 Jy/K), a main beam efficiency, 77mb, of 0.19. and a half-power
beamwidth of 56" were determined at the line frequency. By measuring the nearby SiO
maser source, W Hydra, pointing was determined to be accurate to 10". Antenna tem-
peratures were determined by reference to a noise tube which is calibrated by comparison
with a hot load at room temperature and a cold load at liquid nitrogen temperature. At the
location of Haystack Observatory, the Galactic Center never rises above 418?3 elevation.
For such low declination sources, absolute calibration is estimated to be accurate to within
only 50%.
We operated in the total power mode, with the position-switched (On/Off) durations
being adjusted to the observing conditions. Durations ranged from 30 seconds to 5 minutes.
with a typical total integration time (On+Off) of -12 minutes. Off-source positions were
offset in right ascension by an amount equal to the off-source duration to duplicate the
region of atmosphere traversed by the source during the on-source integration period.
Data was corrected for atmospheric extinction using the Resch atmospheric attenuation
model, and elevation-dependent telescope gain variations were removed. Both corrections
can be applied in real-time at the telescope. We took further steps to insure that relative
calibration was maintained across the data by repeatedly observing the same strong ref-
erence position in the mapped field at least once per hour during each observing session.
The reference position data were calibrated using the velocity-integrated intensity of the
highest-elevation reference data sample obtained in good weather(Scan #40190; 22 April
1989). This process produced correction factors which were subsequently applied to all
data using a simple. two-point linear interpolation scheme. Only data bracketed in time
by calibrated reference positions were retained in the final data base. In this manner, one
hundred seventy-five positions were surveyed with a grid spacing of 40" covering the range
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Figure 3-1: CH3 0H 4 -1 - 30E data points superposed on 6-cm continuum
map from Ho et al. (1985).
All spectral line data was reduced using the GILDAS software package of the Groupe
d'Astrophysique de Grenoble. Results are presented as selected individual spectra. position-
position contour plots of velocity-integrated moments of the antenna or brightness temper-
ature distribution (i.e., channel maps), and position-velocity contour plots of the antenna
or brightness temperature. Selected data are displayed in the course of the text.
3.3 Results & Discussion
3.3.1 General
The results of our methanol observations are shown in Figures 3-2 -3-12 and Table 3.2. In
Figure 3-2 we present a contour plot of the integrated emission over the velocity interval
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from -15 to +75 km s- 1. Emission from the 4-1 - 30E (36 GHz) line of methanol is
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Figure 3-2: Map of velocity-integrated CH30H 4-1 - 30E emission super-
posed on 6-cm continuum map from Ho etal. (1985). The ve-
locity interval is from -15 to +75 km s- 1.
detected over much of the observed field. The energy of the 3o state of E type methanol
is 13.313 cm-'[34], which corresponds to an equivalent temperature of -19 K. Since the
molecular clouds in the Galactic center have kinetic temperatures of about 50-100 K, we
expect thermal emission to be detected toward sufficiently dense regions.
The large spatial extent of the methanol emission at 36 GHz is readily apparent.
Methanol is seen in the direction of both GMCs and in a 'bridge' of material along the
southeastern edge of Sgr A-East. Peak emission along the eastern edge of Sgr A-East is
about twice as strong as the peak emission south of the region. and is coincident with the
NH3 peak previously reported for the 50-km s- 1 cloud[16]. The peak emission located south
of Sgr A' is observed 15north of the previously-reported NH3 peak for the 20-kms- 1
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cloud. The CH30H integrated intensity map shows two peaks aligned roughly in a north-
south direction and separated by 2'. The northern peak is the stronger of the two peaks,
and is the source we identify as the 20-kms' - cloud for the CH 30H observations.
3.3.2 Unusual Line Profiles
In Figure 3-3 we present sample spectra observed at the positions indicated by triangle(A)
symbols in Figure -2. These spectra have TA ' 1 K. nearly-raussian line shapes, and large
linewidths (v x 20 kms - 1) typical of molecular lines in the Galactic center region.
W(, 10) W(4,-8)
(a) CHOH] (b) CHOHJ
1- -
0
0 50 0 50
Visr (km s - 1)
Figure 3-3: Sample CH3 0H spectra observed at positions removed from
emission peaks.
Lines observed toward the emission peaks differ significantly from those taken near
regions of low level emission. Spectra taken toward emission peaks show highly complex
and unusual line profiles which consist of "broad" (10-20 km s- ') plateau-like components,
and narrow"' (1 kms - 1) spike-like components. In addition, weak, underlying thermal
emission is observed in several spectra. while many show extended. non-gaussian. wing
emission characteristic of gas which has been processed through a shock front. Sample
spectra taken toward positions indicated by the box(O) symbols in Figure 3-2 are shown in
Figure 3-4.
Emission from the 4 -1 - 30 E transition with similarly complex line profiles has been
reported in Sgr B2[36]. Morimoto etal. (1985) determined that the line was an unusual
maser which required a very high CH3 0H abundance. nH2 _ 104 cm - 3. and Tk > 80 K.
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Figure 3-4: Sample CH30H spectra observed toward emission peaks.
Methanol masers have been divided into two Classes[37, 38]. The 4-1 - 30 E transition is
a member of the Class I methanol maser family which has been observed to occur behind
shock fronts as seen in DR 21(OH) and Orion-KL[42, 43]. For an extended discussion of
this topic, refer to Sections 2.3.2 and 2.3.3.
In the present study, intense emission is observed in two distinct regions; along the
eastern edge of the synchrotron shell source, Sgr A-East. in the vicinity of a cluster of
compact HII regions (Sgr A-A,B,C and D), and immediately adjacent to the wisp" (Sgr
A-E) and secondary knot at Sgr A-F. In Figures 3-5 and 3-6. we present the positions
observed and the spectra detected toward the eastern side of the Sgr A-East shell, stepping
across the shell from east to west, near the peak of the 50-cloud. We interpret these profiles
as evidence for maser emission which occurs near a shock zone where Sgr-A East impacts the
50-km s - 1 cloud. The interaction between Sgr A-East and the 50-km s - 1 cloud is significant
because it establishes the location of the 50-km s- l cloud near the central region.
Similar line profiles are observed in the 20-km s- 1 cloud [see Figure 3-4(b)], immediately
adjacent to the wisp" (Sgr A-E) and secondary knot at Sgr A-F. These continuum features
are non-thermal. polarized. synchrotron emission and are part of a supernova remnant
centered 3' southeast of Sgr A'. We have previously reported (Szczepanski etal. 1989.
see Appendix A) on the kinematic evidence for this SNR based on an analysis of the velocity
structure of the methanol gas in the vicinity of Sgr A-E and Sgr A-F. Briefly,. the ambient
gas at the position of the 'wisp' reveals a velocity gradient along an axis perpendicular to
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Figure 3-5: Positions along the eastern edge of Sgr A-East toward which
the spectra displayed in Figure 3-6 were aken.
that feature which is not detected in the orthogonal (tangent) direction. Correlation of the
velocity shift with the location of Class I methanol maser activity provides evidence of a
shock interaction between the SNR and the 20-km s- 1 molecular cloud.
3.3.3 Morphology
Mlorimoto etal. (1985) suggest that the plateau-like components represent a new type of
maser which is 'broad'. strong, and spatially extended[36]. In Figure 3-7, we present
velocity-integrated (channel) maps which have been produced at 10 km s- l increments
over the interval -10 to 70 km s-'. Any thermal emission present is partially masked by the
stronger broad component. while narrow spike features are de-emphasized by the integra-
tion process. Therefore, the broad, plateau-like emission observed in most spectra toward
the 20- and 50-km s- 1 clouds dominates the mapped field.
Methanol emission south of the central region is comprised of two emission peaks seen
in Figures 3-7(c) and 3-7(d). The southern peak is associated with the HII complex. Sgr
A-G. The northern peak is located near the secondary knot at Sgr A-F and the 'wisp"
(Sgr A-E), and based on the emission at 20 km s-1 , has a FWHI size of -, 90"(3.7 pc).
Figure 3-7(d) shows a ridge-like structure at low emission levels. The ridge extends north,
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Figure 3-6: CH30H 4-1- 30E spectra observed toward the eastern edge
of the Sgr A-East shell.
in projection, toward the circumnuclear disk or to the east of Sgr A'. This feature has a
length of - 200"(8.2 pc) and a width of 50"'(2.1 pc).
At 30 km s- 1 [Figure 3-7(e)], the ridge extending northward is still detected, however.
blended emission from the 50-km s-' cloud makes it difficult to identify the source of the
emission material. Also. a bridge of weakly-emitting gas appears to connect the GMICs
along the southeast edge of Sgr A-East.
In Figure 3-8, we present a set of Declination-velocity diagrams for several cuts in Right
Ascension through the data. High temperature contours on these diagrams have been
clipped to suppress the maser emission and highlight the velocity structure of the low level
emission. Figures 3-8(b), (c). and (d) show cuts through the data along the ridge structure
which extends to the north from the 20-km s-' cloud. The extension northward is seen as a
continuous structure which approaches the central region with a velocity gradient of 2.5
km s- 1 pc-'.
At 50 km s- 1 [Figure 3-7(g)], strong methanol emission occurs in a ridge along the
entire eastern side of the Sgr A-East shell. The molecular material is elongated in the
north-south direction, and has a FWHM size of a x 6 , 100" x 140"(4.1 x 5.8 pc). The
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Velocity-integrated CH3OH emission in the Galactic center re-
gion over the interval -10 to +70 km s- 1 .
ridge structure extends southward for 230"(9.5 pc) and has a width of ,v 40"(1.6 pc). At
the highest contour levels. emission appears to wrap around the northern and western sides
of the HII regions on the eastern edge of Sgr A-East. At the lowest emission levels, there
is an extension, in projection, westward toward Sgr A', with a length of 110"(4.5 pc).
The north-south ridge structure and the western extension remain visible at 60 km s- 1 in
Figure 3-7(h).
Figure 3-9 shows a Right Ascension-velocity diagram at the Declination of the western
extension. Again, high temperature contours have been clipped to highlight the velocity
60
-
LO
0oCD
-
o
-
...C.(U
Q
CH30H 4-3 E
-29 00 OC
-29 06 00
-29 00 00
-29 06 00
-29 00 00
-29 06 00
0 20 40 60 0 20
VIsr (km s )
40 60
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through the data.
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structure of the low level emission. The western extension appears to originate from the
50-km s- 1 cloud and terminate near the position of Sgr A'. No readily observable velocity
gradient is detected along the extension.
3.3.4 Column Density and Mass Determination
Estimating CH3 0H column densities from the present observations is a difficult task. since
a major contribution to the observed 4-1 - 30E intensities comes from maser emission
[57. 58. 56]. The approach taken is to analyze the very few available spectra which appear
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Figure 3-9: Right Ascension-velocity diagl am along the western extension.
to be free of maser emission. assuming that the thermal emission is optically thin and fills
the beam. As an example, the spectra presented in Figure 3-3 were used for this purpose.
Equation 2.16 of Section 2.2.2, reproduced below, provides the relationship between total
methanol column density, Ntt(CH30H), and the observed integrated antenna temperature.
f T dv. for optically thin emission.
Ntt(CH3OH) = 3k f T dv exp (E,,t (3.1)
:Vtot(CH30H) = 8r3 rider #g,, (3.1)
b3 q IV Iu11jgU T koti
For the 4-1 - 30E transition of methanol. the upper state energy is 14.519 cm- 1 (20.9 K).
The partition function, Q, to good approximation. is given by[45]
Q = 2 x 0.64T~,t (3.2)
where the factor '2' corrects for the fact that there are equal amounts of methanol in the
E and A symmetry species.
The square of the dipole matrix element, iiji12, for J - J - 1 transitions of an asym-
metric top is given in Table 2.1 as
IL.jl2 2S2J +1 (3.3)
where the line strength. S, is 1.1762, and.
dipole moment. . is 1.412 Debye[34].
for b-type (Ak = ±1) transitions. the electric
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Substituting the numbers, we obtain
iVtot(CH30H) = 1.3 x 10'3T s exp () TJ AT dv/2.9 (3.4)
Figure 3-10 is a plot of Equation 3.4 for a range of rotational temperatures which have been
determined for the Galactic center molecular clouds using NH3 measurements [55, 21. 54].
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Figure 3-10: Total CH30H column density versus f AT dv for several val-
ues of Trot-
For positions removed from the emission peaks such as in Figure 3-3, thermal (nonmaser)
emission shows peak antenna temperatures of < 1 K. and linewidths of < 20 km s-'. As-
suming gaussian lineshapes. the integrated area under the line profiles can be approximated
by
J AT dv 1.064AT(peak)ZAv (3.5)
Then for thermal lines with the characteristics specified above. we have f AT dv " 21
K-km s- 1. If we assume a methanol rotational temperature of .50 K. we derive a total
methanol column density of- 1.5 x 1017 cm- 2. We note that Figure 3-10 indicates that
this method of determining the column density is. to an order of magnitude. somewhat
insensitive to the assumed rotation temperature, Trot.
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Using the abundance information listed in Table 2.3, we calculate the H2 column density,
NH, as 1.5 x (1023 - 1024) cm- 2. Combining this density with the observed cloud sizes
from Section 3.3.3 we determine the masses listed in Table 3.1. Virial masses determined
using Equation 2.18 are also listed for comparison.
Table 3.1: Column Density and
Source Size
(pc)
20-km s- l cloud 3.7 x 3.7
50-km s- l cloud 4.1 x 5.8
Mass Determination fi
NVtot(H2) mH2
(cm - 2) (M®)
1.2 x 1023 2.7 x 10 4
1.6 x 1023 .5.9 x 10 4
rom CHOH
mLtrial
H2
( NM )
3.2 x 105
3.7 x 105
3.3.5 Mapping the 'Spike' Features
Based on detection at several positions. four of the 'spike' features in the 50-km s- 1 cloud.
and three features in the 20-km s'- cloud were selected for mapping. Single gaussians were
fit to the selected spikes in each spectrum to determine center velocities and half-widths.
Average fit parameters for selected features are tabulated in Table 3.2.
Table 3.2: Fit parameters for selected 'spike' features
Maximum
lsr k V ATmb
(kms - 1) (kms -1 ) (K)
50-km s- Cloud
39.4 1.7 296.3
41.6 1.6 162.1
48.2 1.2 237.9
49.2 0.5 218.4
20-kms- 1 Cloud
16.4 1.0 91.6
20.3 1.1 111.6
27.3 1.4 65.3
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Based on fit velocities and half-widths. channels maps were generated to investigate
the spatial extent of the spike features. This procedure is somewhat inaccurate in that
no correction is made for the contribution of the underlying plateau emission to the spike
intensity. From the spectra in Figure 3-6. we see that this emission may be significant. The
process used will tend to overestimate the size of the mapped feature.
50-km s-1 Cloud
Figure 3-11 shows the result of the mapping procedure for the selected spike features in the
50-kms- l cloud. The lowest contour in each map represents 50% of the peak integrated
value of that map.
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Figure 3-11: CH30H 4 -1 - 30E channel maps for selected spike features in
the 50-kms-1 cloud. (a) 39 km s- 1 (b) 42 km s-1 (c) 48 km
s- 1 (d) 49 km s-1
The 39- and 42-kms - 1 features peak at the same position along the edge of the Sgr
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A-East shell, and are ~1' in spatial extent. The emission at 39-kms - 1 extends to the
south, while the 42-kms - emission extends to the north along the edge of Sgr A-East.
Both features are slightly narrower in the east-west dimension. Recall that the Haystack
beam is ~56" at 36 GHz. and that we tend to overestimate spatial extent because of our
procedure. We conclude, therefore. that these spike features are practically point-like with
respect to the beam.
The peaks of the 48- and 49-kms- 1 features are coincident at our spatial resolution.
but are not colocated with the 39- and 42-kms - I features. Instead, they peak along the
edge of Sgr A-East at ~1' north of the lower velocity features. and about 40" north of
the Sgr A-A,B continuum features. Both the 48- and 49-kms - l features have ridge-like
southern extensions which appear to correlate with the edge of the Sgr A-East shell and
to avoid the complex of HII regions in the vicinity. Given our spatial resolution and lack
of full sampling, however, we are uncertain as to how much confidence to ascribe to these
suggestive extensions. Again, our processing method does not correct for plateau emission
present in the spectra, and we may be observing the extended maser emission identified by
Morimoto etal. (1985). In either case, the correlation of the extended emission with the
edge of the Sgr A-East shell is notable.
Morimoto etal. (1985) place an upper limit of 10" on the size of the spike features in
Sgr B2. but do not give details[36]. With the BIMA array, Plambeck and Menten (1990)
place an upper limit of 2" on the strongest Class I maser feature in DR 21(42]. Johnston
et al. (1992) used the VLA in ONIC-1 to imply that observed Class I masers were clustered.
with typical sizes less than the 3" beam[43]. If we assume that the spike features we detect
are 5", then we derive brightness temperatures of order 104 K for the spikes in the 50-
kms - 1 cloud. The combination of high brightness temperature, and small velocity width
and spatial scale leaves little doubt that the spike components are maser emission.
20-km s- 1 Cloud
Figure 3-12 shows the result of using the previously-described mapping procedure for se-
lected spike features in the 20-km s- 1 cloud. Again, the lowest contour in each map rep-
resents 50% of the peak integrated value of that map. To within the accuracy of the 56"
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Figure 3-12: CH30H 4-1 - 30E channel maps for selected spike features in
the 20-kms - 1 cloud. (a) 15 km s- 1 (b) 20 km s-' (c) 27 km
S-1
Haystack beamwidth, the three selected spike features are colocated at a position imme-
diately to the south of the Sgr A-F knot and are nearly circular in shape. As defined by
their half-peak contours. the 20- and 27-km s-1 features appear point-like with respect to
the beam, while the 16-km s - 1 feature shows some extent, especially in the north-south
direction. In some positions. the 'broad' component may account for as much as half of the
spike intensity (See Fig. 3-4). Therefore. as mentioned above. we cannot confidently place
strong upper limits on the spat' l extent of the spike features. Assuming that the spike
features are ,r.5" in size. we derive brightness temperatures of order 104 K for the spikes
in the 20-kms - 1 cloud. Again, based on high brightness temperature, and small velocity
width and spatial scale, these spike features are identified as maser emission.
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3.3.6 Summary
We summarize our observations of the 4 - 30 E transition of methanol as follows:
* Based upon derived brightness temperatures ( 104 K), and small velocity widths
(- 1.2 km s- 1) and spatial extent, spike components of the methanol spectra are
identified as maser emission.
* Spatially-extended emission, detected in the form of broad. plateau-like components
with lower brightness temperatures ( 100 K) and larger velocity widths ( 1 km
s-l), is consistent with maser emission identified by Morimoto et al. toward Sgr B2,
and is similarly interpreted here as maser emission[36].
* Class Imethanol masers are observed to occur behind shock fronts in DR 21(OH) and
Orion-KL. In the present study, both strong components of the methanol emission
occur in regions where supernovae may impact upon the nearby GMCs. We interpret
the spatial correlation of this maser activity with the regions of suspected supernova
impact, as evidence for interaction with the GMCs.
* In the vicinity of the 50-km s'- cloud, we believe that the shock interaction is produced
by the impact of the Sgr A-East shell source. This result is important because it helps
to establish the location of the cloud near the Galactic center via the interaction with
Sgr A-East.
* For the 20-km s- 1 cloud, we believe that a SNR proposed in an earlier paper (see
Appendix A) and centered 3' southeast of Sgr A* produces the shock interaction
which, in turn, is responsible for the observed maser activity.
* We detect a ridge, or streamer, which appears to emanate from the 20-km s- 1 cloud
and extend (in projection) in the direction of the circumnuclear disk. to the east of
Sgr A'. This streamer may consist of material which has become decoupled from the
20-km s - 1 cloud as a result of supernova impact, and is subsequently drawn toward
the central mass. If this material is, in fact. an infalling streamer, its terminus at or
near the circumnuclear disk, and its small velocity gradient ( 2.5 km s- 1 pc-') help
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to fix the location of the cloud as approximately co-planar with Sgr A-West along the
line of sight.
* We detect a western extension, in projection. from the 50-km s cloud toward Sgr
A'. This extension may represent material loosened from the molecular cloud by the
impact of the Sgr A-East shell. No velocity gradient is evident in the data along the
extension, therefore, if infall takes place, it must occur in the plane of the sky.
* A bridge of weakly-emitting gas appears to connect. in projection, both GMCs along
the southeastern edge of Sgr A-East. Velocities characteristic of both clouds are
detected.
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Chapter 4
Ammonia
4.1 Introduction
The metastable NH3 (J,K)=(3.3) inversion transition has been mapped using the 100-m Ef-
felsberg dish, and the Very Large Array (VLA). NH3 transitions are sensitive to moderately
high density gas. In addition, the (J,K)=(3,3) line is also sensitive to the hotter gas (114
K above ground). Therefore. its emission is not contaminated along the line of sight. as in
the case of CO and HCN observations. By picking out gas features local ( 10 pc) to the
Galactic center, we obtain a more representative picture of the mass distribution. In this
study. the NH3(3.3) line provides a probe of the morphology and kinematics of the dense,
hot gas in the region.
4.2 Observations & Data Reduction
4.2.1 Effelsberg 100-m Telescope
Observations of the NH3(3.3) inversion transition at 23.870129 GHz were carried out using
the Effelsberg 100-m telescope in November 1988, and in February and April 1989. The
telescope was equipped with a K-band maser preamplifier receiver with a system temper-
ature of r-5O0 K at zenith. The 1024-channel autocorrelator was operated as two separate
·512 channel systems at a bandwidth of 50 MHz, giving an effective channel spacing of 97.7
kHz. This corresponds to a velocity coverage of 628 km s- 1 with a velocity resolution of 1.2
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km s 1.
Telescope pointing was checked using NRAO530 and found to be repeatable to within
about 3". Half-power beam width at the ammonia line frequency is 40". Spectra are cali-
brated to main-beam brightness temperature assuming Tb(NGC7027) = 8.3 K. For low ele-
vation sources such as the Galactic Center. calibration is estimated to be accurate to within
10%. Observations were made during excellent weather conditions. with stable atmosphere
and low humidity (30-40 %). Data was taken in the beam-switching mode. with equal
times spent on and off source. The off source position was displaced by 30' above the galac-
tic plane. Typical total integration time was 1 minute. Three hundred nine positions were
observed with a grid spacing of 20" covering the range 17h42m20' a(1950) < 1 7 h4 2 m4 6 3:
-29°06'00" ' 6(1950) ' - 28057'00" (Fig. 4-1).
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Figure 4-1: NH3(3,3) data points
(1985).
superposed on a 6-cm continuum map from Ho etal.
Spectral line data was reduced using the GILDAS software package of the Groupe
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d'Astrophysique de Grenoble. Results are presented as selected individual spectra, position-
position contour plots of velocity-integrated moments of the main-beam brightness temper-
ature distribution (i.e., channel maps), and position-velocity contour plots of the brightness
temperature. Selected data are displayed in the course of the text.
4.2.2 NRAO Very Large Array (VLA)
Observations of the NH3(3,3) inversion transition at 23.870129 GHz were carried out using
27 antennas of the Very Large Array (VLA). Data were collected for eleven fields during
eight sessions in June 1988, October 1989, and February 1991. Figure 4-2 shows the observed
fields superposed on the 6-cm continuum map from Ho etal. (1985).
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Figure 4-2: Primary beam patterns of observed fields superposed on the 6-
cm continuum map from Ho etal. (1985).
The VLA was in the C/D configuration on these occasions with a maximum projected
baseline of 1 km. For the first two fields we used 25 MHz bandwidth in single IF mode into
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32 channels for a spectral resolution of 781.25 kHz. This is a total velocity window of 300
kms - 1 with a resolution of 9.8 kms - 1. For the remaining nine fields we used 12.5 MIHz
bandwidth in two-IF mode with 32 channels per IF for a spectral resolution of 390.625 kHz.
This is a total velocity window of ~150 kms - 1 with a resolution of 4.9 kms - '. We used
3C286 for flux calibration and 1733-130 for amplitude and phase calibrations. Passband
calibration was done using 3C84 and 3C273. At A ~ 1.3 cm, the primary beam, or field-
of-view, is 2'. The effective, untapered. synthesized beam is 2'7 x 2'5(a x 6). Table 4.1
contains the relevant observational parameters for the eleven synthesized fields.
Table 4.1: Observational Parameters for VLA Fields
Field a(1950) 6(1950) Date Vr,. L'res
(kms- 1) (kms- ')
I 17h4 2m29s3 -28°59'17'0 Jun 88 -10.65 9.8
II 1 7h42m29M3 -29000'18'6 Jun 88 -10.65 9.8
III 17h42m 29: 3 -29002'18'6 Oct 89 -10.65 4.9
IV 17h4 2m38 5 -29001'18'6 Oct 89 -10.65 4.9
V 17h42 m38 !5 -28°59'18.'6 Oct 89 -10.65 4.9
VI 17h42m38!5 -28°57'18'6 Feb 91 +50.76 4.9
VII 1 7 h4 2 m29! 3 -28058'18'6 Feb 91 +50.76 4.9
VIII 17 h4 2m 20s2 -28°59'18'6 Feb 91 +50.76 4.9
IX 1 7h4 2 m20s2 -29°01'18!'6 Feb 91 +31.14 4.9
X 1 7 h4 2 m2 9 s 3 -29°04'18'6 Feb 91 + 1.70 4.9
XI 1 7 h42 m2 4 f8 -29°00'18('6 Feb 91 +50.76 4.9
4.3 Results & Discussion
4.3.1 Effelsberg 100-m Telescope
The results of our single-dish ammonia observations are presented in Figures 4-3-4-10. In
Figure 4-3, we present a plot of the integrated emission over the velocity interval from -145
to +145 km s - .
S-H3(3,3) emission is detected in the direction of the 50-kms - 1 cloud along the eastern
edge of the Sgr A-East shell source. and in the direction of the 20-kms' - cloud -2' south
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Figure 4-3: Map of velocity-integrated NH3 (3,3) emission superposed on
6-cm continuum map from Ho etal. (1985).
of Sgr A'. Intense emission is detected toward the same two regions as for the methanol
emission; along the eastern edge of the Sgr A-East. and immediately adjacent to the "wisp"
(Sgr A-E) and the secondary knot at Sgr A-F.
Lines observed toward the emission peaks in both molecular clouds show similar peak
brightness temperatures (30-35 K). However, spectra toward the 50-km s- 1 cloud show
a general trend toward linewidths which are slightly larger ( 4 km s-'). Sample NH3
spectra taken toward positions indicated by boxes () in Figure 4-3. are shown in Figure 4-
4. These spectra are taken toward the same positions as the strong methanol emission
previously shown in Figure 3-4.
Toward both molecular clouds, hyperfine satellite lines are detected but unresolved.
Satellite lines in several spectra show slight emission asymmetry. and we attribute the
asymmetry to multiple, unresolved velocity components in the beam. Multiple velocity
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Figure 4-4: Sample NH3 (3,3) spectra observed toward emission peaks.
components are more readily apparent in the spectrum shown in Figure 4-5. as well as at
other positions in the region. Such multiple components may also account for the larger
linewidths toward the 50-km s- 1 cloud.
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Figure 4-5: Sample NH3 (3,3) spectrum showing multiple velocity compo-
nents.
Morphology
Figure 4-6 shows the NH3 emission velocity-integrated over the same interval as the CH30H
emission, and superposed on that data.
The spatial correlation of the ammonia and methanol emission is remarkable. There is
strong emission from the 50-km s- 1 cloud along the eastern edge of Sgr A-East, and from
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Figure 4-6: NH3 and CH3 0H data integrated over identical velocity inter-
vals.
the 20-km s cloud to the south. As in the methanol data, a ridge-like extension to the
20-km sl cloud is detected. which extends, in projection, toward Sgr A'. There is also a
weak indication of a projection westward from the 50-km s- 1 cloud toward Sgr A'.
In Figures 4-7, and 4-8. we present velocity-integrated (channel) maps at 10-km s- 1
increments over the interval -110 to +110 km s- 1. Since the velocity coverage for the
NH3 data is larger than for the previous CH30H data, several high velocity features of the
circumnuclear disk (CND) are observed. In Figure 4-7(a)-(c), we identify the blue-shifted
lobe of the CND, which has a rotational velocity of 110 km s- 1, at (cAa. Ab) = (-40", -25").
In Figure 4-8(b)-(c), we identify the southern extension which emanates from the 20-km
s- 1 cloud in the direction of Sgr A=. A second ridge structure in the 20-km s- l cloud is
seen in Figure 4-8(b)-(c). as it apparently bridges, in projection. the gap between the two
GMICs. There is a hint of the western projection from the 50-km s - 1 cloud beginning to
form in Figures 4-8(e). The western projection seen in the methanol data. is also present
in Figures 4-8(f)-(g). At Figure 4-8(h)-(i), the projection appears to separate from the
molecular cloud. and in Figures 4-8(i) it appears to correlate with one of the red-shifted
HCN peaks on the west side of the CND (See Figure 1-4).
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Figure 4-7: Velocity-integrated NH3 emission in the Galactic center region
from -110 to 0 km s -1 .
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Figure 4-8: Velocity-integrated NH3 emission in the Galactic center region
from +10 to +110 km s- l.
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Optical Depth & Mass Determination
The GILDAS software package provides a line-fitting routine. called GAUSS, which can
be used to extract the optical depth from NH3 hyperfine satellites using an algorithm
based on the method described in Sections 2.2.2 and 2.4.2. A theoretical fit to the data is
performed assuming a Gaussian velocity distribution and equal excitation temperatures for
the hyperfine components. A first minimization is performed using the Simplex technique.
The results are then improved using the Gradient method. Sample results for spectra toward
both molecular clouds are presented in Tables 4.2 and 4.3.
Hyperfine fit
Vlar
(km s- 1)
25.9
25.2
22.2
19.8
16.5
23.6
22.5
20.9
20.0
18.8
19.2
20.1
19.1
18.2
16.3
19.0
18.8
18.2
16.7
13.0
results for
(km s-')
15.3
15.6
16.0
15.9
18.1
14.6
15.0
15.0
14.5
15.5
15.5
16.0
14.7
14.0
15.0
14.2
13.9
13.3
13.9
16.5
the 20-km s-l cloud
Tmb rm Tex
(K) (K)
14.6 0.7 30.7
17.5 1.2 27.0
23.1 1.4 33.5
26.5 1.1 42.8
14.0 1.9 19.2
11.4 1.6 17.0
16.6 1.8 22.1
28.8 1.0 48.5
33.9 1.2 51.0
24.8 1.5 34.6
13.6 1.1 22.6
23.4 0.5 60.9
31.4 1.1 49.3
33.3 1.9 41.6
27.4 2.0 34.7
11.7 2.5 15.3
20.5 1.4 29.9
30.9 1.5 42.9
33.0 1.6 43.3
27.0 0.9 47.9
The same fitting analysis was performed on spectra toward positions along the southern
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Table 4.2:
Position
( 20"' 20",)
(1,-7)
(0,-7)
(-1, -7)
(-2, -7)
(-3, -7)
(1,-8)
(0, -8)
(-1, -8)
(-2, -8)
(-3, -8)
(1,-9)
(0,-9)
(-1, -9)
(-2, -9)
(-3, -9)
(1,-10)
(0,-10)
(-1, - 10)
(-2, -10)
(-3.-10)
=
-
Table 4.3: Hyperfine fit results for the 50-km s - I cloud
Position vIrt A vI,, Tmb rm Te
(AO',,) (km s-1) (km s-l) (K) (K)
(7,7) 48.3 21.1 22.7 0.8 43.6
(6,7) 49.1 19.2 19.8 2.1 25.5
(5, 7) 50.5 18.8 12.2 2.3 16.2
(4,7) 49.4 17.1 6.7 3.2 9.6
(6,6) 46.5 19.4 30.4 1.0 51.1
(5,6) 48.3 18.6 18.8 2.0 24.5
(4,6) 48.9 17.3 10.1 2.8 13.5
(6,5) 45.6 18.3 30.3 1.2 45.0
(5,5) 46.2 19.0 20.8 1.1 32.4
(4,5) 47.3 17.7 9.7 2.5 13.1
(7,4) 44.4 19.5 21.4 1.1 34.2
(6,4) 44.7 18.6 27.2 1.1 43.2
(5,4) 46.4 17.9 16.7 1.9 22.4
(4,4) 47.9 18.5 7.6 1.9 11.5
(7,3) 43.8 19.3 13.8 1.7 19.3
(6,3) 43.9 18.5 21.9 1.7 29.4
(5,3) 46.7 18.2 14.3 2.7 18.1
(4,3) 49.6 16.1 6.2 3.1 9.2
(3,3) 48.3 22.5 3.2 1.1 7.4
extension from the 20-km s- 1 cloud. The results of this analysis are presented in Table 4.4.
Table 4.5 shows the results of the hyperfine fitting for the spectra toward Sgr A-A.B.
the HII regions east of the Sgr A-East shell source.
The same analysis was attempted along the western extension from the 50-km s - 1
cloud. However, profile fitting in this region was unreliable because of the complicated.
non-Gaussian spectra. A statistical summary of the hyperfine fit results. by source, is
tabulated in Table 4.6
With the exception of the Sgr A-A,B region, the remaining sources have similar physical
characteristics. The mean optical depth of the 50-km s-1 cloud is slightly higher than that
80
Table 4.4: Hyperfine Fit Results for the Southern Extension
Position vter AvtI, Tmb rm Te.
(0, i) (km s-') (km s- 1) (K) (K)
( 1, -6) 27.7 15.5 17.2 0.3 69.0
(0, -6) 27.9 15.7 18.6 0.6 43.9
(-1, -6) 24.5 17.3 19.6 1.6 27.2
(1,-5) 31.8 13.7 13.6 2.4 17.6
(0,-5) 29.7 15.3 17.2 1.7 23.6
(1, -4) 33.8 12.8 12.7 2.6 16.5
(0,-4) 30.9 15.6 14.8 1.4 22.8
(1,-3) 33.0 13.0 12.8 2.4 16.8
(0,-3) 31.0 13.7 12.8 1.2 20.7
(1,-2) 33.1 13.7 11.3 2.1 15.9
(0, -2) 32.1 13.2 10.8 1.1 19.1
(1,-1) 34.0 15.5 7.7 1.9 11.4
of the 20-km s- 1 cloud. However, there is substantial overlap in the uncertainties. The
mean linewidth of the 50-km s- 1 cloud is - 4 km s-1 larger than the 20-km s- 1 cloud.
which may indicate more turbulence in the former cloud. While the average velocity along
the southern extension is higher than the 20-km s- 1 cloud, the mean linewidth and optical
depth are consistent with material which originates from that cloud. The HII regions east
of Sgr A-East indicate high excitation temperatures ( 175 K), the largest linewidths in
the region, and optically thin emission.
To determine masses for the GMCs. we first solve Equation 2.5 for NV,(3, 3), with the
result
NV, (3, 3) =hc 3 A.1 4 I AVJ(T) (4.1)
Subsituting numbers, we write
NV(3,3) = 4.6 x 1012 . J(T.r)7 (4.2)[km s]
For excitation temperatures of interest in this study, N(3, 3) m 2NV(3, 3). If we assume
that the rotational states share a common rotational temperature. Trot, then the fraction
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Table 4.5: Hyperfine fit results near Sgr A-A.B
Position Vltr A vlar Tmb rm Te:
(O, ) (km s l ) (km s- 1) (K) (K)
(8, 7) 47.3 22.9 21.4 0.1 220.7
(8,6) 45.8 23.9 21.8 0.1 222.7
(7,6) 46.0 21.7 29.3 0.2 159.7
(8,5) 45.8 24.8 15.3 0.1 158.7
(7,5) 45.6 22.1 26.4 0.1 269.7
(8,4) 46.0 26.6 10.7 0.1 111.7
(8,3) 46.3 28.4 7.4 0.1 78.7
Table 4.6: Statistical Summary of Hyperfine Fit Results
Source N ,r 4 av. Av + av - m i aTm Tex i aTTe
(km s- ') (km s-') (K)
20-km s- 1 cloud 25 19.0 ± 3.4 14.9 ± 1.2 1.4 ± 0.6 36.9 ± 17.1
50-km s- ' cloud 23 46.9 ± 2.0 18.7 ± 1.3 2.1 ± 0.9 22.7 ± 13.2
Southern Extension 12 30.8 ± 2.9 14.6 ± 1.4 1.6 ± 0.7 25.4 ± 16.0
Sgr A-A,B 7 46.1 ± 0.6 24.3 ± 2.5 0.1 ± 0.0 174.6 ± 67.2
of molecules in a particular state. (J. K), is given by the Boltzmann relation
S(I, K)(2J + 1)exp{- [BJ(J + 1) + (C - B)K2] h/kTrot}fJK = -. 3)J EJ=o E=-J S(I. K)(2J + )exp (-[BJ(J + 1) + (C - B)K2] h/kTrot}
For NH3, S(I, K) = 2 for ortho states (K = 3n). and S(I, K) = 1 for para states (K $
3n). The values of fJK for several (J, K) states as a function of Trot have been computed
for the lowest 15 metastable states. assuming negligible population in the nonmetastable
states. The results are presented in Figure 4-9. Equation 4.3 gives f3.3 = 0.279.
Then. for the NH3 column density, we can write
NNH (3.3) 2N(3.3)
f33 f33
or. making the appropriate substitutions.
NNH 3 = 3.3 x 1013 AV J(T.)[km s- 1']J(Tex
(4.5)
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Population in a (J.K) Rotational State
With the mean parameters listed in Table 4.6. we determine NN'VH3. With -VH,, and
the abundance information listed in Table 2.3. we calculate the H2 column density, .\VH. If
we assume a path length equal to the spatial extent of the emission across the line of sight.
we determine the masses listed in Table 4.7. Virial masses calculated using Equation 2.18
are also listed for comparison.
Table 4.7: Column Density and Mass Determination from NH3
Source
20-km s - 1 cloud
50-km s- 1 cloud
Size
(pc)
3.7 x 7.0
2.9 x 5.4
NH 3
(cm - 2)
2.6 x 1016
2.9 x 1016
NH 2
(cm -2)
2.6 x 1023
2.9 x 1023
rnH2
6.0 x 104
4.1 x 10 4
L'[ zrta.
mH 2
(M?)
1.4 x 105
1.7 x 105
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Kinematics
A declination-velocity cut (A-A' in Fig. 4-10(a)) through the 50-kms - ' cloud is shown in
Figure 4-10(b). The velocity structure is representative of emission from a portion of the
Sgr A NH3 (3,3)
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Figure 4-10: (a) Velocity-integrated NH3 emission. (b) Declination-velocity
diagram corresponding to A-A' in (a).
far side of an expanding shell. Therefore. at least part of the 50-kms 1- cloud lies behind
Sgr A-East. i.e.. on the far side of the Galactic center region. We observe that the size
of the projected arc taken from the declination-velocity diagram is 5 pc. i.e.. <10 pc.
as it must be to trace the Sgr A-East shell in expansion. More importantly. the velocity
signature is direct kinematic evidence that Sgr A-East is interacting with the 50-kms - I
cloud. We conclude that the projected distance of the .50-km s- i cloud from the Galactic
center is characteristic of the "true" distance from the center. i.e.. -10-15 pc.
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4.3.2 VLA
The integrated intensities of the ammonia emission in Figure 4-11 show clearly that the
molecular material within 10 pc of the nucleus is closely associated with the continuum
emission. Especially to the east and south., the NH3 emission follows closely the edge of the
t "l, veron ' :'eleatd a&AUG.1992 44 03
'I[ SRA - >L I ::ut ' AA eCACCUCtY MGEOM 
;.!T SCRAI :JUJO tC .M R3.,J.3, .. CNVL:
:: ,,3 3 :
. "6 -
Figure 4-11: Velocity-integrated NH3 (3.3) emission
Eleven 2' fields have been combined in
in the Galactic center.
a mosaic map.
Sgr A-East complex as well as a possible second upernova 3' to the southeast of the nucleus.
Close examination of the kinematics of the gas near these continuum boundaries shows that
the neutral material is likely to have been pushed and compressed by the supernova.
Morphology
In Figure 4-12. we show the field east of Sgr A-East. Spectra are shown toward specific spots
within the 50-kms - l cloud. At the emission peak. position 4. hyperfine satellite emission
can be seen in the spectrum as a low level plateau. The LTE optically thin satellite line
85
- Z 7.-
16
09
04
00
Ol
040
4244' 425 40 38 36 0 q
o(1950) 04
00
4 t5
_ 
L
1 6 10 'Oe
I 2
"l
3
L-1-
_ . . ,/. .
-20 ;0 60 00 - 0 O 60 0 -20 £O 60 00
VLSR( km s')
Figure 4-12: elocity-integrated H3(3.3) emission toward the 50.Okms
- 1
cloud with representative spectra.
should be about 3% of the main line intensity (see Table 2.4 in Section 2.4). The detected
satellite intensity is therefore indicative of the high optical depth of the detected emission.
MIoving further to the west and into the continuum complex. the spectra begin to show
more complicated structures best described as double velocity components (e.g. positions
.. 6. and 8).
From the integrated intensity map in Figure 4-11. the 20-kms
- 1 cloud is clearly seen
to the south. Most interestingly. a ridge. or streamer. emanates from the northern edge of
this molecular cloud towards the Galactic center. It appears to enLO near the position of
the circumnuclear disk which is quite faint in NH3 emission. We refer to this feature as the
southern streamer with reference to its location with respect to Sgr A'.
The streamer approaches the center but may not actually reach the point source. Sgr A'.
at least with current sensitivity. There are several possible explanations for this observation:
86
C,
- ,n.
F - I I I I r I . I I
- :,J- i2
-- /
N;q
I
IL
(1) the streamer is only seen projected against the center and its termination near the
,r tral region is unrelated to phenomena at the center. (2) heating effects in the center
redistribute the molecular population to the higher energy states thereby weakening the
observed transition. and (3) partial conservation of angular momentum results in spin up
and the settling of the gas into a circumnuclear structure.
In a separate study, the effects of dissipative and non-dissipative mechanisms on gas
dynamics in a central gravitational potential have been investigated using a 3-D Smoothed-
Particle Hdrodynamic (SPH) code[68]. In particular. we were interested in whether as
infalling from a distance of 10 pc could reproduce the proposed streamer. as well as form
a ring-like structure with dimensions similar to those of the 2-pc neutral ring. In simulating
the evolution of a .500-particle cloud with n 104 cm- 3and radius of 0.3 pc. at an initial
position of 10 pc from a 6 x 106.I., point mass. we find that a ring with the appropriate
dimensions. along with an extended tail, is formed without resorting to any (Id hoc drag
forces. At an evolution timescale of 10 vears. the velocities and morphology of the tail
match well with the streamer observed in NH3.
W\e certainly cannot rule out a chance projection of the southern streamer against the
Galactic center. although all other observed gas features are well correlated with phenomena
at the center. e.g. boundaries of supernovae. Comparisons with the NH3( 1.1) observations
both at Nobevama!59] and at the VLA show that the southern streamer. like the circum-
nuclear disk. is seen only in the (.J.K) = (3.3) transition. This argues that the gas mav
be heated because of its proximity to the Galactic center. Heating however may not be as
important as direct ionization effects. WVe note that there is excellent agreement between
the velocities of the neutral material on the west side of the circumnuclear shell and the
recombination line velocities of the ionized streamers of Sgr A-Westi60. 61]. This is con-
sistent with the idea that material falls inward from the circumnuciear disk. and that all
material internal to the shell is fully ionized. From a comparison of the 6. 20. and 90-cm
continuum observations. the western ionized streamer. seen in absorption against the 90-cm
emission. has been shown to extend further south than previously believed[73]. The spatial
correlation between the southern streamer seen in NH3(3.3) and the southern extension of
the western ionized streamer is excellent. This further suggests that the southern streamer
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is indeed closely associated with Sgr A-West.
Kinematics - Southern Streamer
In our discussions so far. and in the calculations below. we have not assumed the presence
of a compact object in the nuclear region. The mass and nature of such a compact object
remains a controversial topic. We operate merely under the assumption that there is a
substantial concentration of mass toward the center in the form of stars and possibly other
objects. which constitutes the gravitational potential well of our system. We consider the
kinematics of the southern streamer with respect to the central gravitational potential.
A position-velocity diagram along the southern streamer. as shown in Figure -13.
demonstrates that the emission velocity stays fairly constant at -20 ms-'. At first
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Figure 4-13: Declination-velocity diagram along the southern steamer.
consideration. this seems unreasonable since the gas streamer should be accelerated as
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it approaches a central potential. For circular motions. the velocity gradient is
dR
For an enclosed mass of 5 x 106 I,;.. d'/dR = 73 km s- l pc-' at R = 1 pc. Similarly by
conservation of angular momentum. infalling material at 20 kms - 1 at 10 pc should have
spun up to 100 kms - l at 2 pc. This is. of course. the reason why gas in the circumnuclear
disk at 45" (1.9 pc) has rather large velocities on the order of 100 kms - '. Because of
the steep dependence on R. dV/dR drops to 19 kms - 1 pc- ' at 1' from the center and 6.7
kms - ' pc- 1 at 2' from the center. This is nevertheless a sizable gradient that should be
detectable. That dV/dR is small. ( 3 kms - ' pc- 1 along the entire length of the southern
streamer. and that the line widths are small. < 10 kms - l. can be explained in an infall
picture only if the infall motion is predominantly across the line of sight. This is not
inconsistent with the observed morphology of the streamer, which can be interpreted as
lying in the plane of the sky. It should be noted. however. that along the streamer there
are iarge local velocity gradients on the order of 10 km s- l pc - 1. Whether these gradients
or the sinuous morphology of the streamer are due to tidal effects or self gravitation effects
within the streamer is not clear.
If the infall picture for the streamer is correct. we can estimate the mass inflow rate as
.1 = 8 x 10-2 SI? vr- 1. This assumes X(NH 3) = 10- '. a cross section of 20" (1.2 pc).
an infall velocity of 100 km s'- as the material hits the circumnuclear disk. a gas excitation
temperature of 100 K. a line width of 10 kms - '. and an optical depth of 0.1 for the NH3
(3.3) line. Given the uncertainty of the various assumptions. especially the unknown infall
velocitv. the estimated inflow rate into the circumnuclear region seems more than adequate
to replenish the inflow rate directly into the nucleus that has been estimated to be on the
order of 10- 3 - 10- 2 y.v, vr - '.
Kinematics - 50 km s- ' Cloud
To clarify the kinematics of the 50-km s- 1 cloud. in Figure 4-14 we show Declination-velocity
diagrams along a number of Right Ascension cuts as shown in Figure 4-12. Note that toward
the central part of the 50-kms - cloud (cut A). the emission is concentrated at about 40
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Figure 4-14: Declination-velocity diagrams along directions indicated in Figure 4-12.
kms - ' . Low-level emission wings in this case are due to hyperfine satellite emission rather
than high velocity motions. As we move toward the western direction. the emission at 40
km s- ' toward the central part of the cloud seems to be displaced to 60 kms - (e.g. cuts C.
D. and E). This "backward-C" structure. also seen in the single-dish data. with the velocity
shifts being largest toward the center of the continuum structure and much less toward
the edges. is the signature of an expanding shell. The observed kinematics are consistent
with the spherical nature of the supernova: at the edges the radially expanding motions
would be directed across the line of sight. while closer to the center. expansion would be
predominantly along the line of sight. Stepping away from the continuum boundary. we
find that the velocities of the neutral gas return to their ambient values This is consistent
with the molecular material being shocked by the supernova at the boundary where it is
being stalled.
The magnitude of the velocity shifts. -20 kms - 1. is consistent with that expected for
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a supernova expanding into a dense molecular cloud. From the observed redshifts of the
gas toward the center of Sgr .A-East. and the fact that the observed shell structure in the
declination-velocity diagrams do not show a blueshifted counterpart. we conclude that the
50-kms -' cloud must lie behind Sgr A-East. if the expansion model is correct. Similar
considerations suggest that the supernova to the southeast lies in front of the 20-kms - '
cloud. These kinematical data are the first direct evidence to place the molecular gas in
the immediate vicinity of Sgr A-East. If Sgr A;-East is at the Galactic center, then these
molecular complexes are indeed as close to the center as their projected distances on the
sky.
4.4 Summary
We summarize our observations of the (. IK) = (:3.3) inversion transition of ammonia as
follows:
* Extensive amounts of dense. hot molecular gas surround the non-thermal continuum
emission associated ith Sgr A-East. This molecular shell outlines the eastern and
southeastern edges of the Sgr A-East shell structure.
* Emission from the 50-km s- l cloud shows kinematic evidence of interaction with the
Sgr A-East shell. The signature of a red-shifted expanding shell indicates that at
least part of the front of the cloud is absent. while Sgr A-East impacts on the cloud
material to the rear along the line-of-sight. This confirms the location of the 0-km
s- 1 cloud as near the central region and behind Sgr A-East.
* From the integrated intensity of ammonia emission. we find that the central circum-
nuclear region around Sgr A West appears to be physically connected to the GNIC to
the south via a narrow (I pc wide) streamer. The detection of this feature is likely
due to the sensitivity in this experiment to hot gas ( 100 K).
· From both kinematics and morphology, it is clear that the southern streamer orig-
inates from the 20-kms- 1 cloud. That this streamer actually reaches the nuclear
region depends on a number of arguments: (1) the streamer ends abruptly near the
91
circumnuclear shell which is consistent with both stabilization due to conservation
of angular momentum and ionization in the inner 2 pc. (2) the streamer appears to
be hotter than material further out by comparing SH 3 lines of different excitation.
and (3) the streamer appears to be well correlated spatially with the extension of the
western ionized arm seen in absorption against the 90 cm continuum emission.
* If infall is a correct model. then the absence of a large rvlocity gradient alone the
streamer requires that infalling motion is predominantly in the plane of the sky. In
such a scenario. the infall rate also seems reasonable for resupplying the gas in the
circumnuclear shell at 2 pc.
* From the kinematic evidence of the in.pacts of Sgr A-East on t he .50-km s- cloud. and
a second supernova toward the south on the 20-kms-' cloud. we suggest that such
impacts may loosen material from these molecular clouds which are then captured
by the central gravitational potential. Tidal forces may then stretch the infalling
material into a long streamer. If correct. such a picture is the first example of the
feeding of molecular material toward the center of a galaxy where the morphology
and kinematics can be studied in some detail.
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Chapter 5
Hydrogen Cyanide
5.1 Introduction
The HCN J = 1 - 0 transition at 88.632 GHz (3.4 mm) was used by Giisten etal. ( 1987)
to establish the existence of the circumnuclear disk ( CND) at a radius of - 2 pc from Sgr
A' 721. Despite the fact that HCN transitions are not particularly sensitive to temperature.
the high molecular densities ( 10j- 106 cm- 3 ) required to produce observable emission cause
these transitions to be good densitometers for dense molecular material. Unfortunatelv.
due to the low-lying energy levels, observations at the HCN .1 = i - 0 line are plagued
by absorption by cold foreground material. One can attempt to avoid these problems by
selecting transitions between higher-lying levels of the molecule. such as the J = 3 - 2 line
at 265.886 GHz (1.1 mm). DWe chose the HCN lines in this study to extend the previous
work of Giisten et al. ( 1987) and Jackson et al. (1993). and to investigate the relationship
of the CND to the extended molecular environment[72. 71].
5.2 Observations & Data Reduction
Observation of the HCN . = - 0 transition were made in June and July 1991 using
the IRAM 30-m telescope on Pico Veleta. Spain. The FWHM beam size was about 27".
The spectrometer was a bank of 512x1l MHz filters. which provided a velocity window of
±.850 km s- 1 with 3.4 km s - 1 resolution. Observations were position-switched using a
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reference position offset from Sgr A' by (Aa. A6) = (- 1000". +300"). Data were calibrated
by the standard chopper wheel method. and line temperatures are quoted as main-beam
temperatures. A test position at (Aact. A6) = (+140". +60") offset from Sgr A' was used to
control relative calibration to better than 10%. Spectra were taken at 426 positions on a
20"/10" grid centered on Sgr A' and covering about .5'x6'( Fig. 5-1).
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Ho etal. (1985).
Observations of the HC- J = 3 - 2 transition were made in July and August 1992
using the CSO 10-m telescope. The FWHM beam size was about 28". The AOS provided a
velocity resolution of 0.6 km s- 1. Spectra were taken at 234 positions on a 20" grid covering
about 5'x6' (Fig. 5-2).
All spectral line data was reduced using the GILDAS software package of the Groupe
d'Astrophysique de Grenoble. Results are presented as selected individual spectra.. position-
position contour plots of velocity-integrated moments of the antenna or brightness temper-
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ature distribution (i.e.. channel maps). and position-velocity contour plots of the antenna
or brightness temperature. Selected data are displayed in the course of the text.
5.3 Results & Discussion
5.3.1 HCN J=1- 0
In Figure 5-3. we present a plot of the integrated emission over the velocity interval from
-14.5 to +145 km s- 1. Emission from the HCN J = 1 - 0 line is easily detected over
much of the field. HCN is seen in the direction of the 50-km s - 1 cloud. and in a feature
which appears to wrap around the west side of Sgr A', and continue to the south in the
direction of the 20-km s- 1 cloud. which was not in the sampled field. dWe interpret this
data as additional morphological evidence for feeding of the central region by the nearby
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GMICs. It is important to note how the central feature which appears to wrap around Sgr
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Figure -3: Maps of velocity-integrated HCN J = I - 0 emission. at dif-
ferent contour levels. superposed on 6-cm continuum maps from
Ho et al. (1985). Velocity interval for both maps is - 145 to +145
km s-'. (a) Levels: 200 to 400 by 50 K-km s - 1. (b) Levels: 225
to 350 by 25 K-km s -1
A' resembles a disk or ring with the southeast arc missing. if the connection to the larger-
scale molecular environment is removed. or not sampled. Although the sampled field does
not include the 20-km s- ' cloud. there is clear evidence of material which extends south
toward that cloud. Emission is also observed in the bridge which appears to connect the
GMNCs along the southeastern edge of Sgr A-East.
The bridge of molecular material which appears to extend from the 50-km s- 1 cloud and
connect with the 2-pc ring. correlates well spatially and kinematically with similar features
observed in the methanol and single-dish ammonia results. This connection is shown in the
channel maps presented in Figure 5-4.
Selected spectra taken toward the region are shown in Figure 5-5. where the effects
of strong absorption are clearly evident. The strongest absorption features are seen at 0.
-30. and -55 km s -1 . and are due to foreground clouds. For comparison. selected spectra
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Figure -4: Velocit-integrated HCN J = 1 - 0 emission on the interval 60
to 70 km s-I superposed on 6-cm continuum map from Ho et al.
(1985).
for the J = 3 - 2 transition toward the same positions are also shown in Figure 5-5. The
absorption effects are significantly reduced. but not eliminated at the higher-lying transition.
Evidently, special care must be used when interreting velocity-integrated maps of the
HC J 1 - 0 emission. Figure 5-6 shows how the absorption at 0 km s-' effects the
velocity-integrated map. Since only negative levels were contoured. i.e.. levels for which the
absorption dipped below the background. this plot is a fairly conservative display of the
absorption effects. Clearly, the hole' in the HCN data may be caused by absorption effects.
rather than bv a lack of molecular material.
5.3.2 HCN J = :3 -2
In Figure .5-7. we present a plot of the integrated emission over the velocity interval from
-145 to +145 km s- 1. Emission from the HCN J = 3 - 2 line shows an intense peak at
the location of the blue-shifted lobe of the CND. HCN is also seen in the direction of the
50-km s- 1 cloud.
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Figure 3-5: Comparison of HCN . = 1 - 0 and J = :3 - 2 spectra for the
same positions. demonstrating the effects of absorption.
Ieiected channel maps are presented in Figures -8 and -9. The southern streamer.
seen in both methanol and ammonia. is readily detected in Figures 5-8(a)-(c). while the
extension from the 0-km s- t cloud is seen in Figures -9(a) and (b).
5.4 Summary
We summarize our observations of the J = 1 - 0 and J = :3 - 2 transitions of hydrogen
cvanide as follows:
* Both HCN transitions are readily detected toward the Galactic center region. indi-
cating extensive amounts of high density (n - 10 - 106 cm-3) molecular material.
However. interpretation of the J = 1 - 0 emission is hampered due to strong absorp-
tion by foreground material.
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Figure 5-6: HCN .J = - 0 absorption at 0 km s-1 superposed on the 200 K-kin s- 1 level
of Figure 5-3.
* Strong foreground absorption in the J = I - 0 emission directly toward Sgr . at
0 km s- ' . may produce a 'hole' and subsequent ring-like structure in the HCN (itta.
Relative to J = I - 0 emission. enhanced .J = 3 - 2 emission is detected directly
toward Sgr A-. and the blue-shifted lobe of the 2-pc ring.
* Blue- and red-shifted lobes of the 2-pc neutral ring are detected in both HCN- transi-
tions.
* Intense emission is observed from both transitions toward the .50-km s-' cloud. While
both HCN transitions are observed in this study swith approximately the same spatial
resolution. the J = :3 - 2 transition more efficiently traces the high-density interaction
region along the eastern edge of the Sgr A-East shell. similar to our high resolution
NH3 observations.
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emission superposed on 6-cm
* Large-scale mapping oi both HCN transitions shows emission which appears to con-
nect. in projection. the cilcumnuclear region to the surrounding molecular clouds.
These connections show good spatial correlation with similar features in methanol
and ammonia.
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Chapter 6
Summary
6.1 Conclusions
In this study, three molecular probes. CH3OH. NH3 , and HCN. have been used in a com-
plementary way to investigate the extended molecular environment of the gr A complex.
and its relation to the central region. The CHsOH 4-1 - 30E transition is a tracer of shock
interaction zones. The NH3 (J. K) = (3.3) inversion transition is a tracer of hot. moder-
ately dense gas used to determine morphology and kinematics. The HC; J = 1 -- 0 and
J = 3 - 2 transitions are densitometers used as probes to investigate possible connections
between the central region at a scale of 2-pc. and the molecular clouds at - 10 pc in projec-
tion. We summarize the results of this study in the context of a proposed cartoon' model
which is presented in Figure 6-1. The model attempts to convey our current understanding
of the structure and interactions of the extended Sgr A complex.
At the scale size of concern for this study. the following features of interest are depicted
in Figure 6-1.
* Based on a steep spectral index (a -0.7) and suggestive shell-like structure. the
non-thermal source. Sgr A-East. is believed to be a supernova remnant which is
extended on a scale of , 8 pc. The Sgr A-East shell is consistent with an SNR from
a Type II supernova in the momentum-driven snow-plow phase. evolving to the east
into a molecular cloud of density. n 104 cm -3 . After Wheeler etal. (1980)[741. we
derive values for the age and expansion velocity of the shell of - 7 x 10 4 years and
102
- 14 km s - 1. respectively.
* Based upon the suggestive morphology of the 6-cm continuum emission. the non-
thermal. polarized snchrotron emission from Sgr A-E ( -wisp") and the secondary
knot at Sr A-F. and kinematic analysis presented in a previous publication See
Appendix A). we propose an SNR centered -:3' southeast of Sgr A'. which we refier
to as Sgr A-South. Calculations for the Sr A-South SNR ive values for the ae and
expansion velocity of -5 x 104 years and - 17 km s- 1. respectively.
The average supernova rate in the disk of the Galaxy. which contains 10l- 11;. is
given as 1/30 yr - ' by XWeiler and Sramek (1988)[751. Since the central 10 pc contains
- 6 x 10' lI,., we expect a supernova rate of 2 x 10 - vr -1 . If Sgr A-East and Sgr
A-South are both SNRs. their ages imply a supernova rate of - :3 x 10- ' vr-'. which
is consistent with the predicted rate.
* The two GICs. M-u.02 - 0.0 (the 50-km s- i cloud) and I-0.13 - 0.08 (the 20-km
s-I cloud. are focal points of our investigation. At - 40" resolution, these molecular
clouds exhibit very similar physical characteristics. including size - x .5 pc) and mass
(- 104-- 10lA,). IWe propose that the GICs are located at about their projected
distances from Sgr A'.
Evidence for this placement comes indirectly from the observation of Class I methanoi
maser emission which marks the shock region where an SNR impacts on a dense molec-
ular cloud. In the vicinity of the .50-km s-' cloud. we believe the shock interaction is
produced by the impact of the Sgr A-East shell source. For the 20-km s- 1 cloud. the
SNR centered 3' south of Sgr A' is responsible for the shock interaction which. in
turn, produces the methanol maser activity.
Direct kinematic evidence for the placement of the 0-km s- 1 cloud comes from the
velocity signature of a red-shifted expanding shell. Note that the expansion velocity
calculated for Sgr A-East is consistent with that observed in the signature of the
red-shifted shell. The interaction confirms the notion that the cloud is physically near
the central region. while the absence of blue-shifted emission indicates that the cloud
lies on the far side of the Sgr A-East shell.
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It is generally assumed that Sgr A-East is associated with Sgr A--West. so that both
Sgr A-East and Sgr A-West identify the location of the Galactic center. From 342
'IHz continuum absorption studies. we know that Sgr A-West lies in front of Sgr A-
East[73]. If the infall picture for the southern streamer is correct. the small positive
velocity gradient along the streamer indicates that the 20-km s- l cloud lies nearly in.
or just slightly in front of. the plane of thc s,sv.
* A 'bridge' of molecular material appears to connect, in projection. the GMCs along
the southeastern edge of the Sgr A-East shell source. and along the northern boundary
of the Sgr A-South supernova remnant.
\e observe two extensions. or streamers. which appear to connect the giant molecular
clouds to the central region. One extension. the southern streamer. begins at the 20-
km s- l cloud and proceeds north toward the central region. The other extension. the
eastern streamer. begins at the 50-km s - 1 cloud and proceeds west toward the central
region.
From the kinematic evidence of the impacts of Sgr A-East on the 50-km s - 1 cloud.
and a possible second supernova toward the south on the 20-km s - t cloud. we suggest
that such impacts may loosen material from these molecular clouds which is then
captured by the central gravitational potential. Tidal forces may then stretch the
infalling material into a long streamer. We estimate the mass inflow rate along the
southern streamer as lI = S x 10-2 .I. vr-'. which seems more than adequate to
replenish the inflow rate directly into the nucleus that has been estimated to be on
the order of 10-3-10 - 2 yIl vr- . If correct. such a picture is the first example of
the feeding of molecular material toward the center of a galaxy where the morphology
and kinematics can be studied in some detail.
* Except for HCN J = 1 - 0 emission. we detect only the brightest components of the
2-pc neutral ring. or circumnuclear disk (CND).
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Figure 6-1: Cartoon AModel of the Sgr A Complex
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6.2 Future Directions
The present study represents a simple. first pass investigation into the possible dynamical
interactions of the Galactic center region with the extended molecular environment. lMany
questions have been raised for future investigations and we give a few of those below.
* The bridge' feature which appears to connect the GIMCs should be investigated fur-
ther. Our current view places the GMCs in locations such that the 50-km s- l cloud
lies behind Sgr A-East. and the 20-km s- 1 cloud lies in front of Sgr A-West. If the
'bridge' feature is a physical connection between GMICs. as opposed to a superposition
of material along the line-of-sight. then the bridge' places important constraints on
the relative locations of Sgr A-East and Sgr A-West.
· An attempt should be made to understand the excitation differences between the .NH-
and HCN probes. especially in the case of the C-ND. While the circumnuclear disk
emission is seen in HCN. very little disk emission is detected in the NH3 inversion
line.
* A model for molecular cloud fragmentation due to the shock and compression effects
of SNR impact should be developed.
* Calculations of infalling gas velocity gradients should be improved to include the
effects of the parent cloud's mass.
6.3 Epilogue
This study represents only prt of a major effort we have undertaken to investigate the
dynamical interactions in the Galactic center region. Our campaign includes VLA and
Effelsberg NH3 studies. Haystack CH3OH studies. NRAO 12-m telescope. CSO. and IRAM
studies of millimeter-wave lines. and BIMA and Nobeyama snthesis studies. These studies
are at various stages of progress. Some are nearing completion. others are in the early stages
of data reduction. and still others are winding their way through the proposal processes.
As we have discovered. each transition brings its own unique contribution to the problem.
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XWe are ever hopeful that the latest experiment we have proposed will reveal the clue that
solves the mystery. s a result of new. more sensitive receivers. high-tech backends. and
faster computers. we have no excuses. The game is afoot!
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* Szczepanski. J. C., Ho. P. T. P.. and Giisten. R.. "-Molecular Gas Surrounding the
Galactic Center". in Atoms. Ions. and .Mlolecules: New Results in Spectral Line .4s-
trophysics. .4. S. P. Conf. Serzes. bol. 16. eds. A. D. Haschick and P. T. P. Ho.
1991. Paper presented at the 176th American Astronomical Society Meeting. June
1990. Albuquerque. NIM.
* Szczepanski. J. C.. Ho. P. T. P.. Haschick. A. D.. and Baan. XW. A.. Shocked Moiec-
ular Gas Near the Galactic Center". in The Center of the Galaxy. I.4U Symp. 136.
ed. M. Morris. 1989.
* Ho. L. C.. Szczepanski. J. C.. Ho. P. T. P.. Jackson. J. M.. and Armstrong. J. T.. ".
Molecular Shell Surrounding the Galactic Center". in Atoms. Ions. and .llolecules:
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A. D. Haschick and P. T. P. Ho. 1991.
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Toward the Central Neutral Ring in the Galactic Center". in The Center of the Galaxy.
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ABSTRACT Observations have been made in the CH30H 4-1-30 E
line using the Haystack 37-m telescope and in the NH 3(3,3) line using
the Bonn 100-m telescope and the NRAO Very Large Array (VLA).
Angular resolution for the single-dish studies is comparable, - 40" in
each case. There is a large amount of molecular material intimately
associated with both SgrA East and SgrA West. In particular, molecular
material is found to encircle the entire southeastern edge of SgrA East.
Evidence of shocks and compressions is present, suggesting that SgrA
East is expanding into a dense molecular cloud. Kinematics suggest that
the giant molecular cloud M-0.02-0.07 is behind SgrA East, SgrA West
is in front of SgrA East, and M-0.13-0.08 is in front of SgrA East and
SgrA West. Overall morphology, kinematics, and excitation suggest that
supernovae are impacting on the molecular clouds. The material that is
"loosened" as a result may be pulled in toward the central- circumnuclear
ring and the Galactic Center itself.
INTRODUCTION
Previous work (Ho cet al. 1985) shows that concentrations of dense neutral
gas (NH3) are located, in projection, on the boundaries of the continuum
sources (Fig. 1). We mapped an irregular region -5' x 10' centered -2'
south of the Galactic center using the 4-1--3o E transition (36.169 GHz)
of methanol (CH 3 OH). We observed a similar region using the metastable
(J,K)=(3,3) transition (23.870 GHz) of NH3. We are interested in whether
the giant molecular clouds. M-0.02-0.07 (hereafter, '20-kms - cloud') and
M-0.13-0.08 (hereafter, '50-kms- cloud'), can be sources of molecular gas
to resupply the central neutral ring (cf., Genzel et al. 1985; G .sten ct al. 1987).
We, therefore, looked for evidence of possible interaction of the extended
molecular environment (out to a radius of -10 pc) with the central region.
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Fig. 1. 6-cm continuum map superposed on an integrated (J,K)=(3,3)
NH 3 line map from Ho ct al. 1985.
OBSERVATIONS
The CH3 0H 41-30o E transition data was obtained during April, June, &
October of 1988, and February, March, April, and May of 1989. We used the
37-m Haystack telescope with the cooled Q-band maser. An irregular region
-5' x 10' was mapped on an undersampled (-40") grid (Fig. 2a). A total of
13.3 MHz (110 kms - ') bandwidth was sampled with a velocity resolution of
0.3 kms' - .
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Fig. 2. (a) CH3OH 4_--30 E data points superposed on 6-cm
continuum map. (b)-(e) Sample spectra.
The single-dish NH3 (3,3) inversion line data was obtained during
November of 1988 and February & April of 1989. We used the 100-m Effelsberg
telescope with K-band maser. An irregular region -3' x 9', and nearly parallel
to the Galactic plane was fully-sampled on a 20" grid (Fig. 3a). We sampled
a total of 50 MHz bandwidth over 512 channels for a velocity resolution of 1.2
kms- 1.
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Fig. 3. (a) NH3 data points superposed on 6-cm continuum ma:.
(b)-(e) Sample spectra.
Additional NH 3(3,3) inversion line data was obtained as part of an
extensive VLA study undertaken in the Galactic center region. A 6' x 7' area
was mapped in five fieids, fully sampling the eastern and southern halves
of the SgrA East shell (Fig. 4). Fields I and II were observed in June 1988
and sampled with a total bandwidth of 25 MHz for a resolution of 781 kHz
(-g.8 kms - '). Fields III, IV, and V were observed in October 1989 with
a total bandwidth of 12.5 MHz for a resolution of 391 kHz (-4.9 kms-l).
At A = 1.3 cm, the primary beam. or field of view, is -2' . The effective,
untapered, synthesized beam is 2'.'7 x 2'.'5 (a x 6). Preliminary results are
reported in a separate poster presented at this conference (see Ho t al. 1990;
these proceedings).
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Fig. 4. VLA primary beams superposed on 6-cm continuum map.
RESULTS
Methanol
Several sample CH 3OH 4-1--30 E spectra are shown in relation to the 6-cm
VLA continuum map (Ho et al. 1985) in Figures 2b-2e. Intense emission, with
unusual profiles, is observed in two distinct regions; along the eastern edge of
the synchrotron shell source. SgrA East, ccrreiated with M-0.02-0.07, and
immediately adjacent to the wisp" (SgrA.-E) and the secondary knot at SgrA.-
F, correlated with M-0.1-0.08 . Several authors (Ekers et al. 1983; Goss et at.
1983 & references therein) have suggested that SgrA East may be a SNR. The
latter continuum features are non-thermal, polarized, synchrotron emission and
may be part of a SNR located -3' southeast of SgrA (Szczepanski t al. 1989).
The unusual line profiles consist of broad" (-10-20 kms - ') components.
as well as narrow" (-I kms-') spike-like components. The narrow' features
are bright and unresolved with 56" resoiution, and are probably due to maser
activity. The maser emission apparent in Figure 2d correlates with the HeO
maser emission (A" in Figure 2a) recently reported by Okumura etal. 1989.
Suggested equilibrium calculations (cf. Morimoto et al. 1985) show that
colilisional excitation can be an effective pumping mechanism for methanol at
TK=80 K. Therefore, spatial correlation of maser activity with the proposed
SNRs suggest that the population inversion could be established by the impact
of the SNRs and the resulting shock and compression.
Figure 5a displays the integrated antenna temperature over the available
velocity interval from -15 to 75 kms -' superposed on the 6-cm continuum
map. We note strong emission from the direction of the 50-kms- cloud along
the eastern edge of SgrA East, and from the 20-kms- ' cloud south of the
Galactic center. A 'bridge' of neutral material appears to connect the two
GICs along the southeastern edge of SgrA Easr and there are indications of
en rz ^ e
several gas extensions, in projection,
Sgr A' from both clouds.
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Fig. 5. (a)-(c) Velocity-integrated CH3OH 4-1-30o E emission
Figure 5b shows the integrated antenna temperature over the velocity
interval from 20 to 35 kms - '(-50 channels). There is emission from bcth
GMCs over this range of velocities. The emission in the vicinity of the 20-
kms-' cloud shows a double-ridged structure. One ridge extends north,
in projection, toward the circumnuclear disk and SgrA'. The second ridge
extends, in projection, from the northern portion of the 20-kms - cloud toward
the northeast, along the southeast edge of SgrA East.
,
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Over the interval from 50 to 65 kms - ', the velocity-integrated map (Fig.
5c) suggests an extension, in projection, from the 50-kms- 1 cloud westward
toward SgrA'. The 20-k.s - cloud and the 'bridge" show no emission at
these velocities. The isolated feature northwest of SgrA' may be a part of the
CND.
Since the excitation mechanism for the methanol transition is not well-
understood, emission from this single transition yields little by way of physical
parameters for the region. However, if collisional excitation is assumed,
the suspected maser emission may indicate regions of enhanced density.
Correlation of these denser regions with other features, e.g., the eastern
boundary of SgrA East, suggest dynamical interactions. The morphological
evidence of gas extensions toward the central region is suggestive, but
inconclusive.
Ammonia- Single Dish
Sample spectra for the same positions as methanol are shown in Figures 3b-3e.
Intense emission is seen in the same two positions as the methanol data: along
the eastern edge of SgrA East, and immediately adjacent to the wisp' (SgrA-
E) and the secondary knot at SgrA-F. Hyperfine satellites for the (J,K)=(3,3)
transition are detected but unresolved. The satellite lines are asymmetric and
we attribute the asymmetry to multiple velocity components in the beam.
These multiple components are more readily visible in spectra taken at other
positions in the region. ssuming equal T,, we deduce an optical depth of
-1.0 for both positions.
The integrated main-beam brightness temperature, displayed in Figure
6a for the same velocity interval (-15 to 75 kms - ') as methanol, exhibits
simiiar morphological features. There is strong emission from the 50-kms
cloud along the eastern edge of SgrA East, and from the 20-kms -' cloud to
the south. The bridge between the GMCs is suggested but not completely
sampled in the 100-m NH3 data. As in the methanol data, there is evidence of
two ridge-like extensions to the 20-kmsls cloud. one directed, in projection,
toward the CND around SgrA West and the other toward the northeast,
apparently tracing the lowest SgrA East continuum contour. There is some
evidence of an extension projected westward from the 50-kms - l cloud toward
SgrA'. However, this feature is weaker than the corresponding methanol
feature.
A declination-veiocity cut (A-A' in Figure 6a) through the 50-kms'-
cloud is shown in Figure 6b. The velocity structure is representative of
emission from a portion of the far side of an expanding shell. Therefore, at
least part of the 50-kms - 1 cloud lies behind SgrA East, i.e., on the far side
of the Galactic center region. Perhaps more importantly, SgrA East, the
expanding shell, appears to be interacting with the 50-kms- ' cloud. We
conclude that the projected distance of this cloud from the Galactic center
is probably characteristic of the "true" distance from the center, i.e., -10-15
pc. It is signifcant to note that the size of the projected arc taken from the
deciination-velocity diagram is -5pc, i.e., <10 pc, as it must be to trace the
SgrA East shell in expansion.
Ammonia- Interferometer
Figure 7a displays the mosaic, velocity-integrated (zeroth order moment),
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Fig. 6. (a) Velocity-integrated NH3 (3,3) emission - single dish data. (b)
Declination-velocity diagram corresponding to A-A' in Fig. 6a.
NH3 (3,3) emission with Fields I-V "stitched" together and superposed on
the 6-cm continuum map of Ho et al. 1985. The synthesized beam is -15" x
10" (a x 6). The overall structure of the region seen by the VLA is consistent
with the single-dish methanol and ammonia studies. The spatial correlation
of the dense. hot molecular gas in the 50-kms- cloud, as traced by the NH3
emission, with the non-thermal continuum emission from the outer(eastern)
envelope of SgrA East is remarkable. The ridge-like extension to the northern
portion of the 20-kms cloud, which was suggested in the single-dish
observations, is obvious in the interferometer map. This extension appears
to be a coherent structure which connects, in projection, the 20-kms- ' cloud
to the central ring. We note also that the northern portion of the 20-kms-1
cloud appears to coincide with the curvature of the non-thermal "wisp" and
secondary knot (SgrA-E and Sgr.A-F; Ho et al. 1985) of the 6-cm continuum
map. As in the single-dish results, a "bridge" appears to connect the GMCs
along the southeastern edge of SgrA East shell.
Figure 7b displays a deciination-velocity slice (A-A' in Figure a)
through the 50-km s - cloud. The kinematic signature of emission from
portions of the far-side of an expanding shell is again evident. This indication
is consistent with the results seen in the single-dish NH3 data.
SUMMARY
The present study shows that emission from the 50-kms'- cloud is related to
and interacting with the SgrA East shell. Declination-velocity diagrams of the
cloud show the signature of a red-shifted expanding shell. We interpret this as
an indication that the front portion of the cloud is mising, and that the SgrA
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Fig. 7. (a) Velocity-integrated NH3(3,3) emission- VLA data. (b)
Declination-velocity diagram corresponding to A-A' in Fig. 7a.
East shell is impacting on the cloud behind. Therefore, at least part of the 50-
kmns- cloud is located behind SgrA East.
There is strong morphological evidence that the 20-kms- ' cloud is
connected to the CND about SgrA West via an elongated extension, or
streamer. This streamer may result from infalling molecular material which
has been stripped from the main cloud as a result of the impact of an SNR.
A molecular "bridge' appears to connect the GMCs along the
southeastern edge of the SgrA East shell. This bridge" may lie at the
intersection of two SNRs. the SgrA East shell source, and an SNR located -3'
southeast of SgrA'. Velocities present in the "bridge' suggest that it contains
material from both GIMCs.
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ABSTRACT. A 3' x 6' field centered -4' south of the Galactic center and a -2' x 4' field east
of the Galactic center have been mapped using the 4-1-30 E line (36.169 GHz) of methanol
(CH30H). Line profiles typically consist of broad (-10-20 km s-')components. as well as narrow(-i km s- ),spike - like components. The narrow features are bright and unresolved with 60" res-
oiution, and are probably due to maser activity. We found maser activity immediately adjacent to
the non-thermal wisp" (SgrA-E) -4' south of SgrA-West, the secondary knot at SgrA-F, and the
eastern edge of SgrA-East. Position-veiocity diagrams suggest that the molecular material has been
shocked to a higher velocity in the same vicinities. We propose that the maser activity, and the
shift in velocity south of the Galactic center, heretofore interpreted as an increasingly steep velocity
gradient toward the Galactic center, may be due to the impact of a SNR and the resulting shock of
the ambient molecular material. The dynamical effecks on the molecular gas of such a shock may
have impiications on gas feeding toward the nucleus.
Introduction
Previous work (Ho et a. 1985) shows that concentrations of dense neutral gas (NH3) are
on the boundaries of the continuum sources (Fig.l). We mapped a 3' x 6' field centered
-4' south of the Galactic center and a -2' x 4' field east of the Galactic center using the
4-1-30 E line (36.169 GHz) of methanol (CH30H). We looked for evidence of supernovae
that impact on the neutral gas. We are interested in whether the giant molecular clouds,
suca as M-0.13 -0.08, can be sources of moiecuiar gas to resupply the central neutral ring
(cf., Genzel et al. 1985; Giisten ec al. 1987).
Observations
The data were obtained during Aprid and June of 1988. We used the 37-m Haystack
telescope with the cooled Q-band maser. We operated in the total power mode, beam-
switching every 5 minutes. and sampling a total of 13.3 MHz (110 km s- i) bandwidth.
Velocity resolution was 0.32 km s- 1. Pointing was accurate to -10" by measuring the
nearby SiO maser source WHYDRA. All data has been corrected for atmospheric extinction
and elevation-dependent telescope gain variations. Figure 2 shows the measured positions
for the two fields centered on sources C and G of the 6-cm continuum maD of Ho ct al. 1985.
with integrated intensity contours superposed.
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Results
Figures 3a and 3b show sample spectra from grids C and G, respectively. Line profiles typ-
ically consist of 'broad" (-10-20 km s-') components, as well as narrow' (1 km s-'),
spike-like components. A weak underlying thermal component is probably present but
masked by stronger emission. The 'narrow' features are bright and unresolved with 60" res-
olution, and are probably due to maser activity. Broad" components are In good agreement
with similar features detected in Sgr B2 and identified as a new type of maser by Morimoto
ec al. 1985.
20 ~CH30H i (-1,1) J1 CH30H G(0,3
10
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Fig. 3a Fig. 3b
Figure 3. - (a) Sample spectrum (Grid C). (b) Sample spectrum (Grid G).
LOCATION OF MASERS: INDICATIVE OF SHOCK AND COMPRESSION?
The observed spectra show maser activity along the eastern edge of SgrA-East, and im-
mediately adjacent to the "wisp' (SgrA-E) 4' south of SgrA-West and the secondary
knot at SgrA-F. These continuum features are non-thermal, polarized. synchrotron emis-
sion and may be part of a SNR. Statistical equilibrium calculations (cf. Morimoto ec a.
1985) show that collisional excitation can be an effective pumping mechanism for methanol
at T.=80 K. Therefore, spatial correlation of maser activity with the proposed SNR sug-
gests that the population inversion could be established by the impact of the SNR and the
resulting shock and compression.
PICKING A KINEMATIC AXIS:
Figures and 6 show position-veiocity diagrams along RA and DEC directions. and at
P.A.=-45 degrees which are approximately normal and tangent to the -wisp' feature.
These figures show that the perceived velocity gradient is in the direction perpendiculhr
to the 'wisp' (Fig. 6a), since all three parallel cuts in this direction show a gradient
which is not indicated in the other direction (Fig. 6b). Figure 6a further shows that the
velocity of the ambient gas shifts abruptly from -6 km s-1 to ~22 km s -' almost exactly
at the wisp ' and the secondary knot at SgrA-F. In Figure 6b, the same shift in velocity
is observed but with no apparent gradient along the SE-NW direction. This implies that
all gas along the tangent strip is subjected to similar dynamical processes. The choice of
kinematic axes is significant in that neither preferred axis is directed toward the Galactic
center. but rather they are directed neariy perpendicular and parallel to the proposed shock
front. Furthermore, the shift in velocity occurs at the position of the proposed SNR.
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ROTATION OR SHOCK?
The velocity structure seen in Figures 5 and 6 suggests rotation as an alternative explana-
tion. Previously, the apparent velocity gradient has been used to infer the mass distribution
of the region. However, the present data indicates:
1. A kinematic axis of the gas is not directed toward the Galactic center but is directed
perpendicular to the proposed shock front (e.g., Fig. 6a),
2. The velocity shift is accompanied by an increase in linewidth. This may be expiained
by ncreasea turouience due to shock processing, but is not explained by a rotation model,
-d
3. The position of the velocity shift correlates well with the location of maser activity
and the purported SNR.
We, therefore. favor the shock explanation for the velocity structure. This shock. if a
correct identification, may play a significant role in feeding gas toward the Galactlc center
(Ho et al. 1985). Similar motions of the neutral gas and the presence of a new H20 maser
have been reported in this meeting by Okumura-Kawabe et al. 1988. The shocked gas at
23 km s- ' may continue toward the Galactlc center in the form of a thin streamer (see Ho
et al. 1988; these proceedings).
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ABSTRACT In an extensive VLA study of the molecular cloud complex
in the Galactic center region in the NH3 (3,3) line, we find extensive amounts
of hot, dense, highly perturbed molecular gas outlining the eastern and
south-eastern edges of the Sgr A-East shell structure. We report the first
direct, kinematic evidence that Sgr A-East is expanding into the 50-km
s- 1 cloud. We also find an elongated "southern extension" that appears to
connect the neutral ring to the 20-km s cloud. This may be evidence of
gas feeding into the nucleus from the 20-km s- ' cloud, with gas from the
northern portion of the cloud undergoing tidal stripping, possibly triggered
by a supernova remnant associated with the "wisp". In addition, we argue
that the 50-km s- ' cloud is located behind Sgr A-East and that the 20-km
s- ' cloud is located in front of Sgr A-East. Since both clouds appear to
be interacting directly with Sgr A-East and West, we conclude that they
must be located at or near their galactocentric distance of 10-15 pc.
INTRODUCTION
There are two giant molecular clouds (GMCs) which lie within 10 pc in projected
distance from the Galactic center: M-0.02-0.07 and M-0.13-0.08, also known
as the 50-km s - 1 and 20-km s-1 clouds. Because of their juxtaposition to the
shell-like Sgr A-East source associated with the Galactic center, it has been
suggested that the GMCs might be interacting with the nucleus (e.g. Ho et al.
1985). In an earlier study, we reported evidence of an elongated streamer that
appears to extend from the base of the neutral ring towards the 20-km s -
cloud to the south (Ho et al. 1989). We interpreted this streamer as evidence of
infall, possibly triggered by a supernova remnant (SNR) associated with the non-
thermal "wisp" (Ho et al.1985; Szczepanski et a.1989). Okumura et al.(1989).
have also found that the streamer extends to the core of the 20-km s-1 cloud.
In this study, we fully sampled a 6' x 7' area around the Galactic center in the
NH3 (J,K)=(3,3) inversion transition at -3" resolution using the VLA. We find
evidences of interaction between the molecular and ionized gas, which allow us
to suggest a dynamical model for the central 10-15 pc of the Galactic center.
Complementary single-dish observations of NH3 (3,3) emission are presented by
Szczepanski, Ho and Giisten in these proceedings.
RESULTS AND DISCUSSIONS
(a) Gas Distribution within the Inner 10-15 pc. This study indicates that there
exists substantial emission at ~10" resolution and that this emission is located
at the boundary of the non-thermal continuum gas as defined by the Sgr A-East
shell structure. We present in Fig. 1 the mosaic map of the total integrated
intensity of NH3 (3,3) and in Fig. 2 a composite image of the mosaic map
superimposed on the 6-cm continuum VLA image from Ho et al. (1985). The
circles in Fig. I represent the primary beams of the five fields at the level
of 2.5%. The coincidence between the molecular material, as traced by the
NH3 emission, and the non-thermal continuum structures is remarkable. From
their morphologies, the molecular material must be closely associated with the
observed dust (Mezger et al. 1989). We make the following observations:
(1) Fields IV and V appear to outline the outer edge of the Sgr A-East envelope.
The western side of these elongated, extended structures facing the center appear
to have a fairly sharp and well-defined edge, Lomplemented by the similarly sharp
edge of the eastern side of Sgr A-East. A -7.5 pc strip of gas on the southeastern
side of Sgr A-East, the "molecular ridge," appears to connect the two GMCs.
We call the structure as defined by the 50-km s- 1 cloud and the molecular ridge
the "molecular shell."
(2) The northern portion of the 20-km s- ' as seen in Field III appears to lie
along the curvature of the non-thermal "wisp" (knots E and F; Ho et al. 1985)
of the 6-cm continuum map.
(3) The "southern extension" first seen in Field I appears to be a coherent
structure that extends from the central region all the way south to the northern
portion of the 20km s- ' cloud. The elongation of the cloud towards the direction
of the Galactic center is very explicit and suggestive.
(4) Certain features of the neutral ring are clearly present in the nuclear region
occupied by Field I. A relatively empty cavity is seen towards the center.
The similarity of the 6-cm shell structure to that seen in 20-cm and 90-cm
continuum (Fig. 4 and 6 in Pedlar et al. 1989) is consistent with the synchrotron
nature of the shell emission. The close coincidence of the NH3 (3,3) emission with
the outer envelope of Sgr A-East as seen in 6-cm continuum is remarkable. On
morphological grounds, this coincidence strongly suggests that the molecular
and synchrotron components are coupled and possibly interacting with each
other. It is worth noting that the contours on the western side of the 50-km
s- cloud facing the nucleus appear to be sharp and to contain wiggles" in the
north-south direction. These two characteristics seems to be repeated on the
eastern edge of the continuum shell structure as seen in 6-cm (Fig. 2) and in
20-cm and 90-cm (Fig. 4 and 6 in Pedlar et al. 1989). This may be an indication
that Sgr A-East is 'running into" the GMC and that we are witnessing some
type of compression, as the kinematic picture indeed suggests (see below).
(b) Molecular Shell and Sgr A-East. We present direct, kiuema.. evidence that
the Sgr A-East shell is expanding into the surrounding molecular medium. The
most striking kinematic feature is the red-shifted "kink" in Cut C-F (Fig. 3a),
centered at 6 -28'59'15" with a velocity of vt,,-57 km s - '. The shift in velocity
is about 13 km s-'and the angular extent of the feature measures -1'.5, or
~3.75 pc in linear size. This red-shifted velocity gradient is the signature of an
expanding shell with the near side of the shell missing. We note that the velocity
gradient is greatest near the western edge of the cloud and that it decreases in
the direction towards the center of the cloud. Szczepanski, Ho and Giisten
(1990) find a similar signature with the Bonn 100m. Since this material is seen
to be closely coupled to the outer envelope of the Sgr A-East shell, we suggest
that the latter, thought to be an SNR, is expanding or snow-plowing into the
cloud at this velocity. The large mass of the 50-km s-' cloud core provides the
inertia to stop the expansion. We can see from te velocity structure of the
core, which has typical line-widths of -25-30 km s-', that the core is relatively
unperturbed. Our result is the first direct evidence for interaction between Sgr
A-East and the 50-km s-1 cloud. Since the sound speed is roughly -2 km s- 1
for gas temperatures of T~100-200 K, the expansion velocity is substantially
supersonic. The compression induced by this expansion may account for the
steep emission contours in this region. This picture has been alluded to before
by Goss et al.(1983), who suggested that the HII region knots (A-D) to the
east of Sgr A-East may represent regions of star-formation near the core of the
50-km s- cloud triggered by the expansion of the SNR into the cloud. The
non-thermal spectrum (a-0.7) and the shell-like geometry strongly suggests
that Sgr A-East might be an SNR. We find that the size and expansion of the
shell is consistent with an SNR expanding into a dense (n-10 4 cm- 3 ) medium.
Although the "molecular ridge" ppears to complete the south-eastern portion
of the molecular shell, we suggest that the ridge is coupled to a second shell
associated with the wisp." The kinematic structure of the "molecular ridge'
and of the gas in the northern portion of the 20-km s- cloud shows significant,
systematic velocity gradients near the perimeter of the "wisp' shell (Fig. 3b,
3c). The gradient is largest in the vicinity of the perimeter of the shell (eg. Cuts
A-C) and it decreases away from the perimeter (Cuts E-F). This trend suggests
that the impact of the "wisp" shell perturbs the molecular gas in its vicinity.
(c) Relative Positions of the GMCs. We are in the position to address the issue
of the relative position of the GMCs and their relation to the Sgr A complex:
(1) From continuum absorption studies (Pedlar et al. 1989), we know that Sgr
A-West lies in front of Sgr A-East. (2) It is generally assumed that Sgr A-East
is associated with Sgr A-West, so that Sgr A-East, like Sgr A-West identifies
the location of the Galactic center. (3) Our data show that emission from the
50-km s- ' cloud is closely related to and interacting with the Sgr A-East shell.
The velocity of the gas shows the signature of a red-shifted, expanding shell
with the near side missing, suggesting that the Sgr A-East shell is snow-plowing
into the cloud. The 50-km s cloud is thus located behind Sgr A-East. (4) The
20-km s-1 cloud appears to be interacting with the neutral ring (located in Sgr
A-West) via the 'southern extension." So it must be in front of Sgr A-East.
(5) The 'molecular ridge" appears to wrap around the south-eastern edge of
Sgr A-East, connecting the 20 and 50-km s- ' clouds. (6) By (1)-(5), the GMCs
must be located in the Galactic center at or near the the projected galactocentric
distance of 10-15 pc.
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ARTICLES
A molecular gas streamer feeding the
Galactic Centre
Paul T. P. Ho', Luis C. Ho', John C. Szczepanskil . James M. Jackson-,
J. Thomas Armstrong' & Alan H. Barrett t
* Uwmwo-Smlbo'lr Ctnte for Astroamsc Camorenoe. Massarsetts 02138. LA
'- uMsaJItII nstltuu of Teano,. cariment o Pvsc Lannoe. MassUacuitts 02139 LSA
: O8strm uNIetv. ASUOWrmi Ocoarmm oston Massamusnits 02215. LSA
t L Na ObmwmaW. Astronom O m wewmtonR OC 20390. LUSA
Radio maos of ammonia emission arouno the
nucleus of the Milky Way reveal a long streamer
of molecular gas connecting the well known circum-
nucear 2-pc ring with molecular clouas 10-20 pc
further out. These clouds aopear to oe nteracting
with nearoy suoernova remnants. suggesting that
:he mpact of the supernovae on te gas may nave
Imoelled some of t inwards. thus oroviding a source
or fuel for the activity at the Galactic Centre.
THE centre or the Milkv Wav is the nearest ealactic nucleus
:nat we can stuav. As It Is about 100 times nearer than tne next
:alacic svstem. the Galactic Centre can be studied witn high
:esolutOn ana sensltIuvtv. Here we examine the structure and
kinematics ot the molecular matenal arouna the Galactic Centre.
The existence or a clrcumnuclear structure at the 2-pc scale has
been susRestcd bv studies o the dust continuum as well as of
spectral lines In particular. a nneinike structure has been seen
In nvarogen cvanile emission which apears to rotate around
the nucleus-. Infall from the neutral trin seems to be a good
dvnamicai model for the observed ionized streamers in the
immediate vicinitv o the Galactic Centre'. Bv moelinme the
observed velocities as bound motions. a radial mass alstnbution
can e estimated. leading to the sugestion that a blacx hole
;nav exist at the Galactic Centre It has een oroposea that
:he neutral nng is an accretion uisk wnicn eeds the nucleus .
The uestion anses: what is eeoing the molecular nnz or disk
isei? The two nner giant molecular ciouos. M -0 02 -0) 07 and
%I -0.13 -0.08. lie adiacent to the central continuum structure.
ana are excellent canaidates for zas reservoirs wnicn mav teed
:.ne central structures '. Our preliminary results hint at a gas
itreamer connectmin the Galactic Centre to the south'. Here we
,now tne lull moronology ol this gas streamer and its sinuous
connection to the rest or the ambient molecular matenal.
Observations
The aoerture svntnests maos of the Galactic Centre reeion were
naae in tne J. K i = 3. 3) rotationai-lnversion line ol N H, using
the verv Laree Arrav VLA) operated ov thne National Radio
-kstronomv Observatorv. We cnhose tnis transition. at an energy
.i eouivalent temperature 100 K above ground. to ennance
*:nsitiviv to the highly excited gas in the nuclear region. and
to oiscnminate against material alone the line or sight that had
a lower excitation eneregy The sensltivltv or the v LA Itsefi Is
niner tran in orevious NH, stuoies The cata were coiiectea
'unng nve sessions: 14. 16 and 17 June 1988. anad ' ana 23
October 1989. The ¥LA was in the C. D conneuration on tnese
occasions with a maximum orolecte baseline o I km. We used
3C:36 for flux caibration ana 1733- 130 for amoituac ana Dhase
:laibrations. We svnnesize nve inaeoenoent 2' icids. The
oectrat resolution was 781 kHz i9.S km s fortwo othe neids.
nad 390kHz (4.9km s ) for the remaining three nelds. The
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.G. I niegratea Ni, emission n tne i. ),13 3) line in tne Gaactic Centre
twve 2' elds nave oeen comoineo n a mosaic mao. o suooress noise at
:re eotee or eacn svntnesizea rel. orimary oeam correcitons nave not Deen
300aced outtne noise cnaractenstics nave oeen accounte tor wrm averar-
Ing overlaooing primary oeams. The NH, emission s snown in contours. The
contourievets are: -7 07 :4 21.23 35 _3. 70.88105.2.3.140
:7 5. 21.0. 24 5. 28.0. 3L5 ano 35.0 v rm s ' : ceam '-e svnr'esizeo
team s 15' 10 'or a mean ine woin or 20km s - "e Tlrst contour
evei tnererore corresoonos to U 5 eruivalent orientness temoerature re
6-cm continuum emission rom ne Gaiactic Centre s snown n grey scaues
.ltn rie range inolcated in v ote te corresoonoence etween t neutrai
matena. as elineate ov tne NH, emission. ano te oounoaries or rne
:ontinuum emission
iferent nelds were stitcnea toeetner in a linear mo-alc. wnere
the individual maos were welenteoa Dv ne inverse square or the
pnmarY beam corrections before beine averaeao. This tates into
account the drferent noise cnaractensutics at anv one Dosition
in the mao due to the ditferent pnmarv oeam attenuations or
:he svntnesizea ields. The mao snown n tg. I is tne interated
J . i ) =, 3 3) Intensity mao. To suooress noiLe at nme ce or
the maD. the individual fielcds were not correctea for onmarv
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beam attenuation In this mosaic. Hence relative intensities are
not accurate. but all detected features are real. Mars corrected
for the pnmarv oeam have been cotmineo and examined: there
are no structures that are missing in Fig. I although features at
the edges o' the mas are more ntense than represented in the
6gure. A more etauled analswis of the data will be oresented
elsewnere. Here we address only the Guesuon of the morpnology
and ovteral kinematics.
Compmad gas eat of Sgr Aut
The integrated ntensities of the ammonia emission in Fig. I
show that the molecular material within 10 pc ot the nucleus IS
closely associated with the conunuum emission. This is con-
sistent wnth the morphology of dust emission at I mm
wavelength. Especialy to the east and south. the N H, emission
closely follows the edge of the Sgr A.East complex and that of
a possble second supernova ' soutneast of the nucleus. Close
examinauon ot the lunemaues of the tas near these continuum
boundrIes shows that the neutral material s likely to have been
pushned and compressed by the suernova.
Figure 2 shows tne feld east of Sr A^EasL The spectra shown
come trom specine postuons in te molecular cloud. At the
emission peati (postuon 4) hyperine satellite emission can be
seen in the spectrum as a low-lcves plateau. he satellite line
ansing rom an opucally thin cloud in local thermodvnamic
equilibnum should be about 3% of the main line intensity. The
detected satelite ntensity therefore indicates the high optical
deptn o the detected emission. The main emission line oronle
can be modelled as a single velocity feature. whereas larther to
the west and in the continuum comolex. the spectra begin to
show momre comocated structures. best described as ouble
velocitv components tIfr example. posluons 6 and )l.
To claniv the xinematics of the region. we show in Fig. 3
dechlnation-veIocav diagrams alone tne nrnt ascension cuts
shown in Fie. 2. Towards the central van ot the molecular cloud
(cut A), the emission is concentrated at -40 km s -' Low-level
emission wines In tnis case are due to nvpemne satellite emission
rather than high velocitv motions. As we move west. the emisslon
at 40 km s ' at the central part of the cloud seems to be displaced
t okm s ' (cuts C. D and E). Ts 'bacxward C' structure.
with the velocitv snifts being largest toward the centre of the
continuum structure and much less towards the edges. Is reminis-
cent o the behaviour of an expanding shell. The observed
kinemaucs are consistent vwth the spherical nature of the super-
nova: at the edges the radially expaning moaons would be
directed across the line of sight. wheta closer to the centre
expansions would be predominlantv along the line of' SIghL
Awav trom the continuum boundaryv the velocities of the neutral
gas return to their ambient values. This is conruistent with the
molecular material bene shnocited by the suDernova at the boun-
darv where it s being stalled. Further evnoence of the snoca Is
the presence ot CH,OH and H.O masen at these bounoarnes J
The velocity shifts I -0 km s ' are consistent with those expec-
ted for a supernova expanding nto a ense molecular cloud.
From the observed redshilts o the gas towards the centre ol
Sgr A-East. and the fact that the observea shell structure in the
dechlnation-velocitv diagrams does not show a blueshitted
counterpart. we suegest that the eastern molecular cloud N -
0.02-007 must lie behind Sr A-East It the expansion model
is correct. Similar considerauons indicate that the supernova to
the southeast les in Iront of M - (). 13 -) 08. These Kinetaucal
data provide the nrst direct evidence that the molecular gas lies
in the immediate vicintv ot Sgr A-EasL If Ser A-East is at the
Galactc Centre. then these molecular complexes are ndeed as
close to the centre as their protected distances on the sv.
Gal s sn ner the nucleus
On the integrated intensity map Fig. 1i. n addition to tne
shell-like features surrounoine the conunuum structures. the
cloud M -)0.13 -0.08 is cleartv seen to tne south. Most interest-
Ingly a streamer emanates rom the northern ede of' this
molecular cloud towards thne Galactic Centre. It ends at a posi.
ton in the crcumnuctear shell from wnich NH, emission is
rather taint. Figure 4 shows an enlaruemen o the Intestrate
Intensities in the central 2' field. The soutnern streamer is cut
off in the south of this picture ov the nrimarv beam attenuauon.
Its continuation can be seen in the mosaic map of Fie. 1. The
streamer approaches the centre. but as ar as we can tell with
the present sensitivity. t does not actuaulv reach the point source
known as Sgr A' RA (I19O) = 17 h 42 m 9 335 s. dec. 1950) =
-29" 59' 18.6"). There are several possiole explanations for this
observation: I I) the streamer is seen Drotected aeainst the centre
by chance and ItS termination is unrelated to phenomena at the
centre. 2) heating in the centre redistibutes the molecular
,;b . . 1.
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G 2 3 nteroreteo NM, emission in
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-.g. 3. The ow-4eve emission n tne
soectra of cositions 4 an 9 are not
.,nematic. tev are ue to vDerte
satellte emission. ouole velocity
comoonents eem to ce oresent n a
-umoer or te soectra.
I .
, :1
08c
5 e
281
24'
2 Ci I
17 ?h 42m 44 -2 'Os 1 81
Right ascension 419501
36a
: 9
2 . . .
V LSRzIm S -"
'.'TLRE ''_ :-0 : MARCH 1991310
.
n
I1
ARTICLES
*'C 3 eclnatoin-v catv
::av s aont re Oalc-.
o a nOKWa in ir 2. The
:OntM levets ie -006
-O03. 003. 06. 009.
3 :2 015. 0.230 30.038.
45 053.0 60.0 75. 090.
: S. 0. 135 and 150
-er :rna. :4 ecatv
reuatAM Is 49kms '
'3 :e wt. tre emsston
teomes welf ana the
eTiSsiof velcwtv n tre
ce ISm cre at 40 km s '
seems to oe sn"tte to
-0 km s This can oe
terorate as nail ot a
stus strcnture *wnn
voari awav trom us.
I 0)~~~~~~~~~~~~~~~~~~~~~~~~~~)h 7 
°-v~~~~~~~4" :*' 4 , 
, . .,
:~~~~~ 0, 
- I
C
_ -
C - ,S' 'S 'S i
0 7
' I- l.' -
e
: I -
: 1 - 11 : 0 ' : 1
V/SRIm S -I)
pooulation to the hiEher enerty states. tnereov weaxeninit the
,cserveo transition. dna ji3 paniaa conservation Or anguiar
momentum results in an Increase spin ana the settilnt or the
gas into a circumnucear structure.
've cenlainli cannot rule out a chance prolectlon of the
soutnern streamer agaanst the Galacuc Centre. althougn all other
ooserved eas eatures such as boundanes or suoernovaer are
well correlated with pnenomena at the centre. Comoanson with
tne . H, (J. K) = I. 1) observation ootn at Nobevama ' ana at
:ne LA shows that the southern streamer. ke the circum-
nuclear snell. is seen more clearly in the it . K ) = i3. 3 transition.
Th:s argues tnat the eas mav oe heated because of Its proximltv
:o tne tjalactic Centre. dut heatin mav not oe as imortnant as
. : onizauon ertects. IThere Is gooa agreement between tne
:' treis oi the neutral matenal on tne vest ol ine circumnuclear
,neil ana the recomoinatton line elocitles oi the ionized
,rreamers of Scr A-West- .1 This supports tne iaea tnat matenal
: _ : ntegratea NH, emission In :re teia certreo on tne Gaiactic Centre
-'e NH, emission is isol aveo aeain In ccntours. -1-e contour levels are
- 34 08.:. '.. 20.2 . 40 50. 6,:0 O 1:20 40 160.
: . .aOJvKms - cer oeam. The souuern streamner ,s cut ort In the
-uu ov the orimarv oeam. its conrltnuatlon to re soutr is snown more
:.eanv in F,. 1. he 1-cm continuum emission constructec trom ort-line
--3e's is srcwn as erev scales tre NH, emission is ctoselv assoclatea
-soecialiv on :re western sloe. wrln tre soirai-.le continuum arms wncn
.eem to emanate trom Sgr A' -his has iea to :e suggestion tnat 're
:-:inuum arms are materia wncn Is railing towaros ue centre trom a
: --- uiear r e Note trat ire sourtner streamer wncn emanates rrom
-e scutern .CK: M -u '3 - 008. enas In tre vwcinrtv or tre crcumnuclear
* - *.irout reacrirg zgr A'
VLSRkm 5 -) VLSR km s )
falls inward rom the circumnuclear shell. and that all the
matenal nsile s uilv ionized. A companson or a- J.. Jna
0.-cm continuum ooservations snows tnat tne western ionizeo
streamer. seen In aosortion against tne 90-cm emission. extenos
furtner south than was oreviousiv tnouant' The spatial correla-
tion between the soutner streamer seen mn N H, ana the soutnern
extension o! the western ionized streamer is cooa. Ils suegests
,hat the southern streamer Is indeed closeiv associated with Sgr
A.-West.
In our discussions so far. and In me calculations celow. ie
have not assumeo the oresence ot a comoact ooiect In tne nuclear
relon. a topic wnicn remains controversial. WVe mererv assume
that tnere is a suostantial concentration or mass towaras tne
centre. n the orm or stars ano Dossiolv otmer ooiects. wnicn
constitutes the gravltatonal potential well ol our svstem. We
consler the kinematics o the soutnern streamer with resoect
to tne central ravitational potential. A positon-velocitv
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FG S Postn-,elmoW rrm emlw mo tu s mm e rwe, conlouo
,e ar.e-003.001006.009. 012.:5. 022 030 0 37 345 052
aM 0 60 J pr oet th r ma rvm uan s 98 km s "e mean
eelme v fWi stav fm conitat at 20khms I' ]ouln trere ae
DemfatUolo f -lOkm s I' ionl suWn rthe ao nel wm t
ere i -10 km S a acto 0of 2 nrnor t11n fle lmSSion 'r1 wUotm in
tri muMo aonoa M-002 -007 st1 of Sgt A.Ealt.
diatram alone tne soutnern streamer I Fig. 5) demonstrates that
the emission velocitv stavs airiv constant at 0'Okm s '. At fint
consioeration. this seets unreasonaole. because inc eas streamer
should be accelerated as it approacnes a central potential. For
bound motions. the velocitv gradlent Id VIdR) - ,-4). (GAM)"
(R) - " ' where V is the velocitv. R the radius. .I the enclosed
mass and G the gravitation constantl For an enclosed mass of
S x 10t %1, d V/dR - 73 km s ' pc' at R - I pc. Similariv by
consention of anhular momentum. nfallnf matenal at
"0km s ' at 10 pc snould have spun up to l(00 kms at 2 pc.
This is of course why gas in the crcumnuclear shell at -45'
(1.8 pci has ratner large velocities i - I)0 km s ') Because of
the steev dependence on R. d V/dR drops to 19 km s ' pc ' at
1' from the centre and o.7 km s' pc-' at 2' from the centre. This
is nevertneless a sizeable acceleration wnich should be detect-
.atle. The small value o d V/d R I <3 km s' pc ' along te entire
leng of the southern streamerl and the narrow line widths
t < 10 km s ' ) can be explained in an inlall model only If the
Inlad motion Is preoominantly across tne ine oi signt. This is
not inconsistent with the observed moronology of the streamer.
whicn can be interpreted as lying In the plane ot the sky. Along
the streamer. however. there are large local velocitv gradients
of the order ot 10 km s" pc '. Whether these gradients and the
sinuous morpholouy of the streamer are due to tidal effects or
seif gravitation in the streamer Is not clear.
If the iniall model for the streamer is correct. we can estimate
the mass nflow ratc. 1 = 8 x 10- f- vyr' We have assumed
:hat I .'., .N; 5. = I0- where N is column densitv. a cross-
section of 30' (1.2 pc. an infall velocitv of 100 km s' as the
matenal hits the circumnuclear snell. a gas excitation tem-
perature ot 100 K. a line width of 10 km s ' nd an ontical depth
ot u.l :or tne .\ H, .3. * line. UGen mat tne vanous assumptions.
.'neciailv the unknown inall veloatvy. are not ngorous. the
- ...nacO inflow rate Into tne circumnuclear region seems more
than adequate to compensate or the inflow rate directlv Into
the nucleus. which has ocen estimated to be - 0' :o
l0-' fyr*
From the interated intensity oi ammonia emission. we nnd that
the central circumnuclear reion around Sr A-West seems to
be pnvsicallv connected to tne giant molecular clouas larther
out ov a narrow I pc wide streamer to tne soutn. The detection
of this feature is probablv due to the sensitivit in tnis extenment
to hot eas at - 100 K. Both kinematics and mornoloev Indicate
that the soutnern streamer onginates rom M -0.13 -) 18. A
numoer o arguments suggest that this streamer reacnes the
nuclear region: the streamer ends abruotiv at the circumnuclear
,hell. an observaton which is consistent with both staolilzation
,ecause of conservation oi angular momentum and ionization
In the nner 2 pc: comDanson with NH, lines ot different excita-
tion indicates that tne streamer is hotter mnan material arther
out: and the streamer seems to be well correlated satiallv with
the extension ot the western onized arm seen in absorption
against the 90-cm continuum emission. f the infall model is
correct. the absence o a large velocitv gradient along the
streamer reuires that iniallina motion is oredominantlv in the
plane ot the sky. The intall rate also seems sutficent to reolenisn
the as n the circumnuclear snell at 2 c. From tne kinematic
evidence ol the impact ol Sgr A-East on . - ) 0 - 07. and a
second supernova toward the south on .%t -). 13 - 8. we suggest
that sucn mDacts mav loosen material from these molecular
clouds. which s then caoturea bv tne central gravitational-
potential. Tidal forces may then stretch the intalline
matenal into a lonc streamer. If cC-fC. this mav be our
tirst opportunitv o tuov the ,etalied morDnoloey ano
kinematics of the Ieeoin o molecular materal towards the
centre of a galaxv.
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GAS FEEDING TOWARD THE CENTRAL NEUTRAL RING LN TlHE
GALACTIC CENTER
P. T. P. HO', J. M. JACKSON 2 , J. T. ARMSTRONG 3
and J. C. SZCZEPANSKI,' . 4
i HarvardSmltions Center for Astropynca, Cambrdgc,MA
2 Universlty of Calisornsa,Berkeiey, CA
3 Univcrsi:tt zu KJln,Kjln,FRC
4 MasachuwettJ Insttutc of Tecnology, Cambride,MA
ABSTRACT. VLA observations in the (J,K)=(3,3) line of ammonia reveal new structures n the
Galactic center region. An approximate rng of emission is centered on the central ionized streamers.
This nng, seen previously in mllimeter-wave interferometer maps, is very clumpy in the ammonia
emisslon, with size scales 10" (0.4 pc). The clumps show good spatial and velocity agreement with
the onized gas. and are warm with brightness temperatures exceeding 30 K. A comparison of the
(3,31 to (1,1) ratio indicates considerably higher gas temperatures. This circumnuclear ring may not
be the dominant feature il the mass distnbution of the circumnuclear gas. A streamer. inmealatelv
to the south of the Galactic center, connects the gas complex at It = -4' (-10 pcj directly to the
Galactic center. This streamer may define the path for gas flow into the nuclear region.
Introduction
The Galactic center is observed in the (J,K)=(3,3) line of NH3 using the VLA (Figure 1).
A number of emission features are seen with 10" resolution, which are external to the 2 pc
circumnuclear ring (Genzel and Townes 1987; Glisten et al. 1987). The north-south ionized
streamer (Lo and Claussen 1983) (our -cm map is shown in Figure 2) is closely associated
with a similar structure in NH . However, the eastwest ionized streamer is associated
with very faint emission which may have originated in an eastern NH3 feature -1' from
the center. There is a western NH3 feature which is also -1' from the Galactic center.
while a southern arm apparently connects the central region to the giant molecular cloud
IM-0.13 - 0.08.
The NH3 Streamers
The (J,X)=(3,3) line of NH3 is sensitive to the hotter gas (100 K above ground). Its
emission is not contaminated by cold and optically thick emission structures along the ine
of sight, as in the case of the HCN observations (Gisten ec a. 19871. TL articuiar. we
are not sensitive to the high velocity gas that is most evident in CO observations (ier-
abyn et a. 1986). We conclude that we are picking out gas features local ( 3 pc) to the
Galactic center. The NH3 streamers are evident in the total intensity map (Fig. 1). Com-
pared to the map of 1-cm continuum emission (Fig. 2), we can see that there are three new
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Figure 1. Integrated intensity in the (3,3) NH3 line.
significant features outside of the circumnuclear ring: an eastern (E) feature, a western (W)
feature, and a southern (S) feature. Position-veiocity diagrams show that these features are
cohesive both in space and velocity. An east-west cut along the east-west ionized streamer
suggests that neutral gas along this ionized streamer may have originated from the "E"
NH3 feature. NH3 observations have also been obtained in the adjacent VLA primary beam
to the south. The "S" feature can be seen to continue toward the giant molecular cclud
located at -5' south of the Galactic center. In the high sensitivity 90-cm continuum maps
shown by Pedlar ec a1.(1988) the north-south ionized streamer, seen in absorption. extends
to the south in the direction of the NH3 S" streamer. This streamer may be the path
by which gas is fed toward the Galactic center. In other papers presented at this meeting
(Okumura ect a.; Szczepanski et aL), evidence is presented which shows that the impact of
a possible SNR against the molecular cloud M-0.13 -0.08 south of the Galactic center may
be driving gas toward the center in the form of the "S" streamer.
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Figure 2. 1-cm continuum emission.
Circunmnuclear Disk
The circumnuclear ring is extremely lumped and does not resemble a complete structure.
The observed NH3 features suggest that gas is fed toward the center from nearby giant
molecular clouds in a most nonuniform manner. Both line widths and relative motions
become iarge in magnitude only at -1' from the Gaiactic center. These cumps. though not
a cohesive shell or disk, are probably the origin of the observed ionized streamers. Although
these results and the HCN results agree in general, there are signicant differences that are
quite disturbing. One possibility is opticai depth and contamnatLion by iow excitation gas
along the line of sight. Another possibility is to appeal to chemistry. Whatever the detailedT ~cmulerrns trml tme adde o esml ooJessrcue
The ~ ~ ~ ~ ~~~~~~~~~~~~~~~~~~~- obevdN3faue u§stta a sfdtwr hecne rmnab inrnoeciarclud i onunr ue. i n wtsndraiv motinbeoe agei mgiud onya I romteGlci etr Teecuo.tog o
a cohes~~iesel o i, oaly thorigin o fteosre ioize trames. J-huths eut adteHNreusarei gea, teeaesgfc ifrecshaaequit dst rur.Oeps-ik soua et n cont rnaonyiwextton
aln h ln fsgh.Aohr psiiiyi oaps to hmsr.Waevrted fe
3S2
structures of the circumnuclear gas, the most important point here is that gas appears to
be fed into the Galactic center via a thin streamer from the south.
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